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DEDICATION 


To my father 


PREFACE 


Aging is loosely defined as the accumulation of changes in an organism over 
time. At the cellular level such changes are distinct and multidimensional: DNA 
replication ceases, cells stop dividing, they become senescent and eventually 
die. DNA metabolism and chromosomal maintenance, together with protein 
metabolism are critical in the aging process. The focus of this book is on the role 
of protein metabolism and homeostasis in aging. An overview is provided of the 
current knowledge in the area, including protein synthesis, accuracy and repair, 
post-translational modifications, degradation and turnover, and how they define 
and influence aging. The chapters mainly focus on well-characterised factors and 
pathways, but new areas are also presented, where associations with aging are just 
being elucidated by current experimental data. 

Protein turnover, the balance between protein synthesis and protein degradation 
are carefully maintained in healthy cells. Chapters 1 and 2 illustrate that aging cells 
are characterised by alterations in the rate, level and accuracy of protein synthesis 
compared to young ones, and that mRNA translation, essential for cell growth 
and survival, is controlled at multiple levels. The theory that growth and somatic 
maintenance are believed to be antagonistic processes is described in Chapter 3: 
inhibition of protein synthesis results in decreased rates of growth and development, 
but also confers an extension of lifespan, as shown for example by the effects 
of dietary restriction in various models organisms. Quality control mechanisms 
ensure misfolded or damaged proteins are remodelled or repaired, but when this 
fails proteins are targeted to go through degradation in order to avoid untimely cell 
death. The ubiquitin/proteasome system keeps cells clear of abnormal, damaged 
or denatured proteins (Chapter 4), while autophagy degrades long-lived proteins 
and small organelles (Chapter 5); compromised activity of both processes has been 
tightly correlated to aging. Accumulation of damaged or misfolded proteins within 
cells has been associated with human age-related, neurodegenerative diseases. The 
paradoxical situation of autophagy up-regulation in models of premature aging is 
also discussed in Chapter 6. 

The insulin/IGF-1, TGF6, TOR and p38/ MAP kinase signalling pathways 
play a part in regulating protein turnover and have been linked to aging through a 
number of their components, discussed in Chapter 7. Inhibition of the insulin/IGF 
and TOR pathways results in lifespan extension in worms, as detailed in Chapter 8, 
similarly with other longevity pathways, including dietary intake and mitochondrial 
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function. The role of mitochondria in protein quality control and the influence of 
reactive oxygen species in aging are presented in detail in Chapter 9. Chapter 10 
discusses that different types of stress, intracellular, oncogenic and environmental, 
such as food and space restrictions, oxidative stress, temperature fluctuations and 
accumulation of damaged proteins, have been shown to induce premature aging and/ 
or senescence through mechanisms independent of telomere shortening. In Chapter 
11 the free radical and oxidative stress theories of aging are portrayed to link such 
stress factors to the occurrence of aging through the function of mitochondria, the 
activity of detoxifying enzymes and degradation pathways and their effects on 
protein turnover, while resistance to stress has been directly associated to lifespan 
extension and delayed aging in model organisms. Stress is also a major inducer of 
the sumoylation pathway, a post-translational protein modification that, together with 
substrate interactions with other ubiquitin-like proteins, show differential activity in 
aging tissues and has recently been linked to the onset of cellular senescence; these 
pathways are presented in detail in Chapters 12 and 13. The critical importance of 
maintaining cell homeostasis is evident in every chapter in this book, but is presented 
in more detail in Chapter 14, especially focusing on hormone signalling in response 
to environmental cues. Hormones and cytokines that affect muscle homeostasis 
during aging are presented in Chapter 15. The main pathways that take part in 
skeletal muscle atrophy and regeneration are illustrated, followed by a description 
of current gene and cell therapies to rescue muscle atrophy and wasting. The volume 
concludes with Chapter 16, where common techniques used in protein metabolism 
and homeostasis research are presented and critically reviewed. 

We would like to thank all authors of this book for their excellent contributions, 
and hope that the reader will enjoy the chapters and be inspired to further their 
knowledge in this ever-expanding and exciting field. As the advances of modern 
technology and medicine have significantly raised life expectancy, it is becoming 
ever more important to gain a deeper insight and understanding of the mechanisms 
that influence the aging process. Such knowledge is an essential prerequisite for 
the development of effective strategies to increase health span and quality of life 
for the elderly. 


Artemisia M. Andreou, PhD 
Nektarios Tavernarakis, PhD 
March 2010, Heraklion, Greece 
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CHAPTER Í 


Synthesis, Modification and Turnover 
of Proteins during Aging 


Suresh I.S. Rattan* 


Abstract 

Iterations in the rate and extent of protein synthesis, accuracy, post-translational 
Awe and turnover are among the main molecular characteristics of aging. A 

decline in the cellular capacity through proteasomal and lysosomal pathways to recognize 
and preferentially degrade damaged proteins leads to the accumulation of abnormal proteins during 
aging. The consequent increase in molecular heterogeneity and impaired functioning of proteins 
is the basis of several age-related pathologies, such as cataracts, sarcopenia and neurodegerative 
diseases. Understanding the proteomic spectrum and its functional implications during aging 
can facilitate developing effective means of intervention, prevention and therapy of aging and 
age-related diseases. 


Introduction 

A decline in the rate of total protein synthesis is one of the most commonly observed 
age-associated biochemical changes in cells, tissues, organs and organisms, including human beings. 
The implications and consequences of slower rates of protein synthesis are manifold in the context of 
aging and age-related pathology. Although there is a considerable variability among different tissues 
and cell types in the extent of decline (varying from 20% to 80%), the fact remains that the bulk 
protein synthesis slows down during aging.’” However, it should be pointed out that age-related 
slowing down of bulk protein synthesis does not mean that the synthesis of each and every protein 
becomes slower uniformly during aging. Furthermore, even though bulk protein synthesis slows 
down with age, total protein content of the cell generally increases because of an accumulation of 
abnormal proteins during aging. Age-related changes in protein synthesis are regulated both at the 
transcriptional and pretranslational levels in terms of the availability of individual mRNA species 
for translation,” and at the translational and post-translational levels in terms of alterations in the 
components of the protein synthetic machinery and the pattern of postsynthetic modifications that 
determine the activity, specificity and stability of a protein. 

The aim of this chapter is to provide an overview of the regulation and misregulation, synthesis, 
modifications and turnover of proteins, including the role of protein errors and accumulation of 
abnormal proteins during aging. 


Efficiency and Accuracy of Protein Synthesis during Aging 

Eukaryotic protein synthesis is a highly complex process, which requires about 200 small 
and large components to function effectively and accurately in order to translate one MRNA 
molecule, while using large quantities of cellular energy. There are three major components of the 
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translational apparatus: (1) the translational particle, the ribosome; (2) the amino acid transfer 
system or charging system; and (3) the translational factors.* The protein-synthesizing apparatus 
is highly organised and its macromolecular components are not freely diffusible within cells. 
‘The rate and accuracy of protein synthesis can be critical for aging. Since, the error frequency of 
amino acid misincorporation is generally considered to be quite high (10 to 107“) as compared 
with nucleotide misincorporation, the role of protein error feedback in aging has been a widely 
discussed issue. 

So far, no direct estimates of protein error levels in any aging system have been made primarily 
due to the lack of appropriate methods to determine spontaneous levels of error in a normal situ- 
ation. However, several indirect estimates of the accuracy of translation in cell-free extracts, using 
synthetic templates or natural mRNAs have been made. Studies performed on animal tissues, such 
as chick brain, mouse liver and rat brain, liver and kidney, did not reveal any major age-related 
differences in the capacity and accuracy of ribosomes to translate poly(U) in cell-free extracts. 
However, these attempts to estimate the error frequencies during in vitro translation of poly(U) 
template were inconclusive because the error frequencies encountered in the assays were several 
times greater than the estimates of natural error frequencies. Another indirect method that has been 
used to detect misincorporation of amino acids during aging is the method of two-dimensional 
(2D) gel electrophoresis of proteins, but no age-related increase in amino acid misincorporation 
affecting the net charge on proteins was observed in histidine-starved human fibroblasts and in 
nematodes. In contrast to this, using mRNA of CcTMV coat protein for translation by cell extracts 
prepared from young and old human fibroblasts, a seven-fold increase in cysteine misincorpora- 
tion during cellular aging has been observed.” These studies also showed that an aminoglycoside 
antibiotic paromomycin (Pm), which is known to reduce ribosomal accuracy during translation 
in vivo and in vitro, induces more errors in the translation of CCT MV coat protein mRNA by cell 
extracts prepared from senescent human fibroblasts than those from young cells. Indirect evidence 
that indicates the role of protein errors in cellular aging can be drawn from studies on the increase 
in the sensitivity of human fibroblasts to the life-shortening and aging-inducing effects of Pm and 
another aminoglycoside antibiotic G418.519 Further evidence in support of the role of errors comes 
from experiments which showed that an induction and increase in protein errors can accelerate 
aging in human cells and bacteria.!**!""? Similarly, an increase in the accuracy of protein synthesis 
can slow aging and increase the lifespan in fungi. 5” Although a global “error catastrophe” as a cause 
of aging due to errors in each and every macromolecule is considered unlikely, it is not ruled out 
that some kind of errors in various components of protein synthetic machinery, including tRNA 
charging, may have long-term effects on cellular stability and survival. 


Altered Protein Synthesis during Aging 

The translational process can be envisaged to proceed in three steps—initiation, elongation 
and termination, followed by post-translational modifications, including folding, which give the 
protein a functional tertiary structure. The initiation step is considered to be the main target for 
the regulation of protein synthesis during cell cycle, growth, development, hormonal response 
and under stress conditions including heat shock, irradiation and starvation./”"” With respect 
to aging, however, the rate of initiation appears to remain unaltered. For example, using in vitro 
assays, the conversion of isolated 40S and 60S ribosomal subunits into the 80S initiation complex 
has been reported to decrease by less than 15% in old Drosophila, rat liver and kidney and mouse 
liver and kidney. On the other hand, since polysomal fraction of the ribosomes decreases dur- 
ing aging, it implies that the activity of an anti-ribosomal-association factor eIF-3 may increase 
during aging. The activity of eIF-2, which is required for the formation of the ternary complex 
of Met-tRNAi, GTP and elF-2, has been reported to decrease in rat tissues during development 
and aging. Attenuation of hypusine formation on elF-5A during senescence of human diploid 
fibroblasts has been reported./” Recently, a novel role of elF-5A in protein chain elongation has 
been reported,’ which may also be important in relation to aging. Similar studies on other elFs 
and in other aging systems are yet to be performed and it is necessary that detailed studies on elFs 
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are also undertaken in the context of aging and the question of the regulation of protein synthesis 
at the level of initiation is reinvestigated. 

Several studies have been performed on age-related changes in the number of ribosomes, thermal 
stability, binding to aminoacyl-tRNA, the level of ribosomal proteins and rRNAs, sensitivity to 
aminoglycoside antibiotics and the fidelity of ribosomes.’ Although there is a slight decrease in the 
number of ribosomes in old animals, this does not appear to be a rate-limiting factor for protein 
synthesis due to ribosomal abundance in cells. Instead, several studies indicate that the biochemi- 
cal and biophysical changes in ribosomal characteristics may be more important for translational 
regulation during aging. For example, the ability of aged ribosomes to translate synthetic poly(U) or 
natural globin mRNA decreases significantly. A decrease in the translational capacity of ribosomes 
has also been observed in rodent tissues such as muscle, brain, liver, lens, testis and parotid gland 
and in various organs of Drosopbila.1925 

‘The reasons for the functional changes observed in aging ribosomes are not known at present. 
Some attempts have been made to study the effect of aging on rRNAs and ribosomal proteins. 
Although a three-fold increase in the content of rRNA has been reported in late passage senescent 
human fibroblasts, it is not clear whether the quantity and quality of individual rRNA species 
undergo alterations during aging and what effect such a change might have on ribosome function. 
Similarly, although an increase in mRNA levels for ribosomal protein L7 has been reported in aged 
human fibroblasts and rat preadipocytes, there are no differences in the electrophoretic patterns 
of the ribosomal proteins in young and old Drosophila and mouse liver.° 

The formation of the 808 initiation complex is followed by the repetitive cyclic event of peptide 
chain elongation, a series of reactions catalysed by elongation factors (EFs; also abbreviated as 
eEFs).2122 Various estimates of the elongation rates in eukaryotic cells give a value in the range of 
3 to 6 amino acids incorporated per ribosome per second, which is several times slower than the 
prokaryotic elongation rate of 15 to 18 amino acids incorporated per second.” With regard to 
aging, a slowing-down of the elongation phase of protein synthesis has been suggested to be crucial 
in bringing about the age-related decline in total protein synthesis. This is because a decline of up to 
80% in the rate of protein elongation has been reported by estimating the rate of phenylalanyl-tRNA 
binding to ribosomes in poly(U)-translating cell-free extracts from old Drosophila, nematodes and 
rodent organs.” In vivo, a two-fold decrease in the rate of polypeptide chain elongation in old 
WAG albino rat liver and brain cortex has been reported. Similarly, a decline of 31% in the rate of 
protein elongation in the livers of male Sprague-Dawley rats has been reported, by measuring the 
rate of polypeptide chain assembly which was 5.7 amino acids per second in young animals and 
was 4.5 amino acids per second in old animals.”” However, these estimates of protein elongation 
rates have been made for “average” size proteins. It will be important to see if there is differential 
regulation of protein elongation rates for different proteins during aging. 

The elongation of polypeptide chain is mediated by 2 elongation factors, eEF-1 and eEF-2 
in eukaryotes (a third factor, EF-3, is reported only in yeast), which are highly conserved during 
evolution.”! The activity of eEF-1 declines with age in rat livers and Drosophila and the drop paral- 
lels the decrease in protein synthesis.®”° This decline in the activity of eEF-1 has been correlated 
only to EF-1A as no changes were observed in the EF-1beta-gamma-mediated activity. Using 
more specific cell-free stoichiometric and catalytic assays, a 35-45% decrease in the activity and 
amounts of active eEF-1A has been reported for serially passaged senescent human fibroblasts, 
old mouse and rat livers and brains.5?026 

In the case of eEF-2 that catalyses the translocation of peptidyl-tRNA on the ribosome during 
the elongation cycle, conflicting data are available regarding the changes during aging. For ex- 
ample, a lack of difference in the rate of translocation has been observed during the translation of 
poly(U) by cell-free extracts prepared from young and old Drosophila and from rodent organs.””* 
Similarly, although the proportion of heat-labile eEF-2 increases during aging, the specific activity 
of eEF-2 purified from old rat and mouse liver remains unchanged.” In contrast, a decline of more 
than 60% in the amount of active eEF-2 has been reported during aging of human fibroblasts in 
culture, measured by determining the content of diphtheria toxin-mediated ADP-ribosylatable 
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eEF-2 in cell lysates” However, using the same assay, no age-related change in the amount of 
ADP-ribosylatable eEF-2 was detected in rat livers.*! Increased fragmentation of eEF-2 due to 
oxidation has also been reported in old rat livers.” Acidic variants of eEF-2 in isolated rat heart 
and cultured cardiomyocytes have also been reported. Further studies are required to determine 
if there are any qualitative and quantitative changes in eEF-2 at the levels of transcription, transla- 
tion and post-translational modifications and how such changes are related with the regulation of 
protein synthesis during aging. 

"The cycle of peptide chain elongation continues until one of the three stop codons is reached. 
"There is no aa-tRNA complementary to these codons and instead a termination factor or a release 
factor (RF) binds to the ribosome and induces the hydrolysis of both the aminoacyl linkage and the 
GTP, releasing the completed polypeptide chain from the ribosome. Studies in aging Drosophila 
and old rat livers and kidneys have shown that the release of ribosome bound N-formylmethionine, 
a measure of the rate of translation termination, was not affected with age.”* Direct estimates of 
the activity of the termination factor during aging have not been yet made. 


Post-Translational Modifications during Aging 

Accurate translation of mRNA, followed by appropriate modifications of the polypeptide 
chain, is essential for its normal folding, targeting and specificity. A misregulation in any of these 
steps can have far reaching biological consequences, including its effects on cell growth, division 
and survival. A large number of post-translational modifications of proteins have been described 
that determine the activity, stability, specificity, transportability and lifespan of a protein. Several 
of these modifications are highly specific and regulated involving various enzymatic pathways, but 
there are several nonenzymatic modifications of proteins which occur stochastically but depend 
on the ternary structures.** 


Phosphorylation 

Phosphorylation of serine, threonine and tyrosine residues is one of the best studied modifica- 
tions of proteins. The coordinated activities of protein kinases, which catalyse phosphorylation and 
of protein phosphatases which catalyse dephosphorylation, regulate several biological processes, 
including protein synthesis, cell division, signal transduction, cell growth and development. 
Altered pattern of protein phosphorylation may be one of the reasons for age-related alterations 
in protein function and activity and can be a major cause of the failure of homeodynamics and 
aging. For example, inhibition of DNA synthesis and the loss of proliferative capacity is the ulti- 
mate characteristic of normal diploid cells undergoing aging in vitro.” Although several putative 
inhibitors of DNA synthesis have been identified in senescent cells, little is known about the 
mechanisms of action and the regulation of activity of these inhibitors. It is possible that the activ- 
ity of several of these inhibitors is regulated by phosphorylation. For example, several studies have 
shown age-related alterations in cell-cycle-regulated gene expression of various genes such as c-fos, 
c-jun, JunB, c-myc, c-Ha-ras, p53, cdc2, cycA, cycB, cycD and retinoblastoma gene RBI. Although 
phosphorylation is involved in regulating the activities of the gene products of almost all these 
genes, a decrease in phosphorylated cyclin E and Cdk2 and failure to phosphorylate RBJ gene 
product p110*° and cdc2 product p34“? during cellular aging have been reported at present.** It 
will be important to find out if there are age-related alterations in the phosphorylation state of 
other cell cycle related gene products, proteins involved in DNA and RNA synthesis, including 
various transcription factors. 

Various components of the protein synthetic apparatus undergo phosphorylation and dephos- 
phorylation and thus regulate the rates of protein synthesis.” For example, phosphorylation of 
elF-2 correlates with inhibition of initiation reactions and consequently the inhibition of protein 
synthesis. Conditions like starvation, heat shock and viral infection, which inhibit the initiation 
of protein synthesis, induce the phosphorylation of elF-2 in various cells. Stimuli such as insulin 
and phorbol esters modulate the phosphorylation of elF-3, eIF-4B and elF-4F by activating vari- 


ous protein kinases.” Since the activity of eIF-2 has been reported to decrease during aging, it is 
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possible that the phosphorylation status of elF-2 also changes during aging. However, no studies 
are available on age-related changes in the phosphorylation pattern of initiation factors. 

At the level of protein elongation, the phosphorylation of elongation factors eEF-1A and 
eEF-2 appears to be involved in regulating their activities. It will be important to see whether the 
age-related decline in the activities of elongation factors is accompanied by a parallel change in 
the extent of phosphorylation of these enzymes. Incidentally, it has been reported that there is an 
increase in the levels of phosphorylated eEF-1 and eEF-2 during mitosis when minimal protein 
synthesis occurs. Furthermore, there is indirect evidence that alterations in the phosphorylation 
and dephosphorylation of eEF-2 due to changes in the activities of eEF-2-specific protein kinase 
IIL,’ and PP2A phosphatase may affect the rates of protein synthesis during aging in rat livers. 

Phosphorylation also occurs in other proteins that participate in the translational process. For 
example, the regulatory role of phosphorylation of aa-tRNA synthetase in protein synthesis has been 
suggested. However, to what extent the decline in the activity and the accumulation of heat-labile 
aa-tRNA synthetases reported in studies performed on various organs of aging mice and rats is 
related to their phosphorylation is not known. Furthermore, since the phosphorylation of the S6 
ribosomal protein correlates with the activation of protein synthesis, failure to phosphorylate S6 
protein in senescent human fibroblasts in response to serum,“ can be one of the reasons for the 
decline in the rate of protein synthesis observed during aging. 

Pathways of intracellular signal transduction depend on sequential phosphorylation and 
dephosphorylation of a wide variety of proteins. All phosphorylation reactions result from the 
action of one or more kinases and the ratio between two interconvertible forms of kinases (active 
and inactive) acts as acontrol mechanism for many cellular functions. Studies performed on aging 
cells have not shown any deficiency in the amount, activity or ability of protein kinase-C (PKC) 
to elicit signalling pathway. There is also evidence that senescent human fibroblasts retain their 
ability to phosphorylate proteins in the PKC signal transduction pathway. It appears that the 
PKCs are largely unaltered in fibroblasts, although the body of information about phosphoryla- 
tion mechanisms is still very limited.” 

Growth factor receptors for EGF, FGF, PDGF, insulin, glucocorticoids and several other 
hormones also possess protein kinase activity. Therefore, deficiencies in the phosphorylation 
process of receptors would be a logical explanation for the age-related decline of responsiveness to 
hormonal action and growth stimulation. However, there is no age-related decline in the autophos- 
phorylation activity of various growth factor receptors.““” Similarly, most of the PKC-mediated 
pathways of intracellular signal transduction in response to various mitogens including phorbol 
esters appear to remain unaltered in senescent fibroblasts.**“* However, a decline in both serine/ 
threonine- and tyrosine-specific protein kinase signals after activation has been observed in the 
case of T-lymphocytes in aging mice.” Similarly, alterations in MAPK phosphorylation have been 
observed in rodents, while PKC phowsphorylation changes are seen in human pathological aging, 
including Alzheimer’s disease and neurodegenerative processes.*'. 

Oxidation 

It is often observed that inactive and abnormal proteins accumulate in old cells and tissues. 
This increased amount of debris in the cytoplasm can be inhibitory for cell growth and normal 
metabolism and thus contribute towards failure of homeostasis. One of the reasons for the inactiva- 
tion of enzymes can be their oxidative modification by oxygen free radicals and by mixed-function 
oxidation (MFO) systems or metal catalyzed oxidation (MCO) systems. Since some amino acid 
residues, particularly proline, arginine and lysine, are oxidized to carbonyl derivatives, the amount of 
carbonyl content of proteins has been used as an estimate of protein oxidation during aging.” °° 

An increase in the levels of oxidatively modified proteins has been reported in old human 
erythrocytes of higher density and in cultured human fibroblasts from normal old donors and 
from individuals suffering from progeria and Werner ’s syndrome.” Similarly, there was a two-fold 
increase in the protein carbonyl content of brain proteins of retired breeder Mongolian gerbils, 
which was reversed by treatment with the spin-trapping compound N-¢ert-butyl-phenylnitrone.* 
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An age-related increase in the carbonyl content has also been reported in houseflies, fruitflies, 
nematodes and mouse organs.” 

The loss of activity of 6-phosphogluconate dehydrogenase and liver malic enzyme during aging 
is related to the loss of lysine and histidine residues by oxidation.“ Oxidation of a cysteine residue in 
glyceraldehyde-3-phosphate dehydrogenase may be responsible for its inactivation during aging in rat 
muscles.® It has also been reported that the concentration of the oxidation products of human lens 
proteins and skin collagen increases along with the accumulation of oxidative forms of alpha-crystallin 
in patients with age-related cataract.”” However, the content of ortho-tyrosine and dityrosine, formed 
by the oxidation of phenylalanine and tyrosine, respectively, did not increase in the aging human lens.” 
Structural alterations introduced into proteins by oxidation can lead to aggregation, fragmentation, 
denaturation and distortion of secondary and tertiary structure, thereby increasing the proteolytic 
susceptibility of oxidized proteins. Furthermore, toxic products of carbonyl modifications can react 
with other macromolecules and affect various metabolic processes. 

Generally it is thought that there are no systems for the repair of oxidatively damaged proteins 
and these must be degraded to avoid their accumulation. However, at least one kind of protein 
repair system has been identified. For example, oxidatively-induced disulphide bridges in cysteine 
and methionine lead to the formation of sulfenic acid, sulfinic acid and methionine sulphoxide 
which can accumulate during aging. These damages can be repaired by the methyl-sulfoxide 
reductase (MSR) system comprising of at least 3 Msr enzymes whose activity is decreased dur- 
ing aging.*® Senile graying of human hair due to increased oxidative stress is accompanied by 
a reduction of the activities of MSR system.” In contrast to this, overexpression of one of the 
Msr genes increases the lifespan of Drosophila and improves their stress tolerance to oxidative 
damage-inducing agents.”! 


Glycation 

Glycation is one of the most prevalent covalent modifications in which the free amino groups 
of proteins react with glucose to form a ketoamine called Amadori product. This is followed by a 
sequence of further reactions and rearrangements producing the so-called advanced glycosylation 
end products (AGEs).””3 Most commonly, it is the long-lived structural proteins such as lens 
crystallins, collagen and basement membrane proteins which are more susceptible to glycation. 
In the case of skin, vimentin has been found to be as the main protein becoming glycated during 
aging.” The glycated proteins are then more prone to form crosslinks with other proteins, leading 
to structural and functional alterations.* 

An increase in the levels of glycated proteins during aging has been observed in a wide variety of 
systems. For example, there is an increase in the level of glycated lysine residues of rat sciatic nerve, 
aorta and skin collagen during aging.” There is an increase in the glycation of human collagen and 
osteocalcin during aging.” The formation and the accumulation of the AGEs are implicated in 
the physiology and pathology of senescence. It has been observed that pentosidine (cross-linked 
glycated lysine and arginine), carboxylmethyllysine (CML, glycated and oxidated proteins) and 
pyrroline increase with age in normal and diabetic humans.” By using AGE-specific antibodies, 
an AGE-modified form of human hemoglobin has been identified, whose levels increase during 
aging and in patients with diabetes-induced hyperglycemia.” 


Deamidation, Racemization and Isomerization 

Age-related changes in the catalytic activity, heat stability, affinity for substrate and other physical 
characteristics, such as the conformation of proteins may also be due to the charge change introduced 
by conversion of a neutral amide group to an acidic group by deamidation. Spontaneous deamida- 
tion of asparaginyl and glutaminyl residues of several proteins has been related with the observed 
accumulation of their inactive and heat labile isoforms during aging.” The sequential deamidation of 
two asparagine residues of triphosphate isomerase is responsible for the differences of the isoenzymes 
present in aging cells and tissues, such as bovine eye lens and human skin fibroblasts from old donors 
and patients with progeria and Werner ’s syndrome.” Deamidation of glucose-6-phosphate isomerase 
produces the variant of the enzyme that accumulates in aging bovine lenses." 
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‘The interconversion of optical isoforms of amino acids, called racemization, has been reported 
to increase during aging. For example, the concentration of D-aspartate in protein hydrolysates 
from human teeth, erythrocytes and eye lens increases with age.*! Racemization of tyrosine has 
been reported to occur in the aging brunescent human cataract lenses.”? The spontaneous prolyl 
cis-trans isomerization in proteins that may cause some of the so-called spontaneous conforma- 
tional changes has been implicated in the age-related decline in the activity of certain enzymes. 
However, no definitive examples of enzymes undergoing this kind of post-translational modifica- 
tion during aging are available. It is also not known to what extent the conformational changes 
associated with old rat muscle phosphoglycerate kinase, enolase and other enzymes are associated 
with racemization and isomerization. 


ADP-Ribosylation 

‘The structure and function of many proteins such as nuclear proteins topoisomerase I, DNA 
ligase II, endonuclease, histones H1, H2B and H4, DNA polymerases and cytoplasmic proteins 
adenyl cyclase and elongation factor eEF-2 is modulated by ADP-ribosylation. ADP-ribosylation 
of proteins is involved in various cellular processes such as maintenance of chromatin structure, 
DNA repair, protein synthesis, cell differentiation and cell transformation." 

Indirect evidence suggests that poly-ADP-ribosylation of proteins may decrease during aging 
because the activity of poly(ADP-ribose) polymerase (PARP) decreases in aging human fibroblasts 
both as a function of donor age and during serial passaging in vitro.”” Similarly, the direct relation- 
ship observed between maximum lifespan of a species and the activity of PARP in mononuclear 
leukocytes of 13 mammalian species indicates its important role in aging and longevity. 

One cytoplasmic protein that can be specifically ribosylated by diphtheria toxin and exotoxin 
A is the protein elongation factor eEF-2. ADP-ribosylation of the diphthamide (modified his- 
tidine 715) residue of eEF-2 results in the complete abolition of its catalytic activity.’ There is 
evidence that increased ADP-ribosylation of eEF-2 is correlated with cellular aging. For example, 
the amount of eEF-2 that can be ADP-ribosylated in the presence of diphtheria toxin in cell-free 
extracts decreases significantly during aging of human fibroblasts in culture.*”” 


Methylation 

Methylation of nitrogens of arginine, lysine and histidine and carboxyls of glutamate and 
aspartate residues is a widely observed post-translational modification that is involved in many cel- 
lular functions. Although most of our present understanding regarding the significance of protein 
methylation has come from studies on bacterial chemotaxis, muscle contraction, electron transport, 
processing of pituitary hormones and gene expression, its role in aging is beginning to emerge.*” 

Proteins whose activities are increased by methylation include alcohol dehydrogenase, histones, 
ribosomal proteins, cytochrome C, eEF-1A, myosin, myelin and rhodopsin. Of these, decreased 
methylation of histones has been reported in livers and brains of aging rats. On the other hand, 
there is no difference in the extent of methylation of newly synthesized histones during cellular 
aging of human fibroblasts in culture. Studies on the levels of methylated histidine, arginine 
and lysine of myosin isolated from the leg muscles of aging rats, mice and hamsters showed 
unchanged levels of histidine, decreased levels of arginine and trimethyllysine and increased levels 
of monomethyllysine.°** 

During the aging of erythrocytes, there is an increase in the number of methyl groups per 
molecule of band 2.1 (ankyrin) and band 3 protein, which correlates with increased membrane 
rigidity of erythrocytes during aging.® Similarly, there is a several fold increase in the number of 
methyl acceptor proteins in the eye lenses from aged humans and persons suffering from cataract.” 
The number of carboxylmethylatable sites of cerebral membrane-bound proteins also increases in 
rat brain during aging.”' At present, age-related changes in the methylation of other proteins such 
as ribosomal proteins, calmodulin, cytochrome C and myosin have not been studied. It is clear 
that protein methylation is involved in diverse functions including protein synthesis and turnover 
and that it should be studied thoroughly in relation to the process of aging. 
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Proteolytic Processing 

Many newly synthesised proteins undergo post-translational proteolytic processing by 
which certain conformational restraint on the inactive precursor is released and a biologically 
active protein is generated. Several inactive precursors of enzymes called zymogens, precursors 
of growth factors, peptide and protein hormones such as insulin, precursors of extracellular 
matrix and many other secretory proteins including various proteases such as collagenase, un- 
dergo proteolytic processing. There are no systematic studies performed on age-related changes 
in post-translational proteolytic processing of any proteins. However, there is some evidence 
that alterations in proteolytic processing may be one of the reasons for the appearance or disap- 
pearance of certain proteins during aging. For example, the appearance of the “senescent cell 
antigen” on the surface of a wide variety of aging cells is derived from the proteolysis of band 
3 protein.” The exposure of senescent cell-specific epitopes on fibronectin,” may also be due 
to altered proteolytic processing. Progressive proteolysis of a 90 kDa protein, Tp-90 terminin 
, into Tp-60 and Tp-30 terminin in senescent cells and in cells committed to apoptosis has 
been reported.” 

Altered proteolytic cleavage of the beta-amyloid precursor protein is well known to play an 
important role in the pathogenesis of Alzheimer’s disease.”””” Increased proteolysis of a confor- 
mationally more labile single-chain form of the lysosomal protease cathepsin B has been suggested 
as a reason for the age-related decline in its activity during aging of human fibroblasts.” Similarly, 
alterations in the activity of collagenase during aging of human fibroblasts has been suggested to 
be due to structural and catalytic changes.”* 


Other Modifications 

In addition to the types of post-translational modifications mentioned above, there are some 
other modifications that determine the structure and function of various proteins and may have 
a role to play during aging. For example, the incorporation of ethanolamine into protein elonga- 
tion factor eEF-1A may be involved in determining its stability and interaction with intracellular 
membranes.” Whether this modification has any role in the regulation of the activity of eEF-1A 
during aging is not known at present. Similarly, the protein initiation factor elF-5A contains an 
unusual amino acid, hypusine, which is synthesized post-translationally as a result of a series of 
enzymatically catalysed alterations of a lysine residue.'” Since the absence of hypusine in elF-5A 
blocks the initiation of protein synthesis, reduced activity of a hypusine synthase enzyme has been 
reported in senescent human fibroblasts.'7 

Detyrosination of microtubules affecting the cytoskeletal organization and many other 
cellular functions, may also be important during aging. Furthermore, the roles of chaperones 
in protein folding and conformational organization are yet to be studied in relation to the ag- 
ing process. There is some evidence that both the pentose-mediated protein crosslinking and 
transglutaminase-mediated crosslinking of proteins is involved in aging. For example, there is 
a high correlation between pentosidine protein crosslinks and pigmentation in senescent and 
cataract affected human lens.!% Similarly, an increase in transglutaminase activity during cellular 
apoptosis, differentiation and aging of human keratinocytes indicates an important role of this 
modification in the process of aging.” 

Protein tyrosine sulfation is another post-translational modification that may have significance 
in protein alteration during aging because it is involved in determining the biological activity of 
neuropeptides and the intracellular transportation ofa secretory protein.” Similarly, prenylation, 
the covalent attachment of isoprenoid lipids on cysteine-rich proteins, is involved in the regulation 
of the activity of some proto-oncogenic ras proteins and the nuclear lamins A and B.'™ These stud- 
ies have indicated a critical role for prenylation in the regulation of oncogenesis, nuclear structure, 
signal transduction and cell cycle progression, functions very much related with the causative 
aspects of aging. There is an age-dependent decrease in the activity of prenyltransferases in the 
rat liver, which may account for the changes in the synthesis and turnover of mevalonate pathway 
lipids, including cholestrol, ubiquinone and dolichol.'” 
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Protein Turnover during Aging 

Efficient macromolecular turnover is integral to the normal function and survival ofa biological 
system. Although there are large variations in the rates of degradation of individual proteins, it is 
generally observed that overall protein turnover slows down during aging.'”° The physiological 
consequences of decreased protein turnover include the accumulation of altered and abnormal 
proteins in the cell, an altered pattern of post-translational modifications due to increased dwell 
time and a disruption of the organisation of the cytoskeleton and extracellular matrix. 

Age-related decline in protein turnover is generally due to a decrease in the proteolytic activity 
of various lysosomal and cytoplasmic proteases. Molecular details of various pathways of protein 
degradation, such as the proteasome-mediated, ubiquitin-mediated and the lysosome-mediated 
pathways, are now being studied in relation to aging. "5195 For example, ubiquitin marking of 
proteins for degradation and ubiquitin-mediated proteolysis did not decline in aging human 
fibroblasts and no change in the levels of ubiquitin mRNA and ubiquitin pools was detected.!” 
Significantly reduced proteasomal activities during aging, with or without a parallel decrease in 
the amount of proteasomal components, have been reported for human fibroblasts, keratinocytes 
and other systems. !!!!! The exact reasons for the age-related loss of proteasomal activities are 
still not known and may include the accumulation of abnormal proteasomal subunits, damaged 
by oxidative and glycoxidative pathways.'” Similarly, reduced lysosomal activity may be due to 
altered pH and overcrowding of the lysosomes with abnormal and damaged macromolecules such 
as age-pigments or lipofuscin. "5115 

Other reasons for age-related changes in the activities of various proteases leading to a decrease 
in the rate of protein turnover include slower transcription, reduced rates of (protein) synthesis 
and altered pattern of postsynthetic modifications, as discussed above. Furthermore, there is 
evidence that certain inhibitors of various proteases, such as tissue inhibitor of metalloprotei- 
nases,'> and trypsin inhibitor,''® had increased levels of expression and activity during aging of 
human fibroblasts. This results in a decrease in protease activity, thus leading to decreased protein 


degradation during aging. 


Conclusion 

The synthesis, modifications and turnover of proteins are interdependent processes that 
practically set a limit on the efficiency of genetic information transfer from coded molecules to 
functional molecules. Therefore, analysing the synthesis of proteins, their modifications, which 
determine their activity, stability and specificity and turnover of inactive and altered proteins is 
central to understanding aging. Only a complete understanding of the proteomic spectrum and 
its functional implications with respect to normal aging can facilitate the development of effective 
means of intervention, prevention and therapy of aging and age-related diseases.'!7'"* 
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Regulation of mRNA Translation 
as a Conserved Mechanism 
of Longevity Control 
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Abstract 

ppropriate regulation of mRNA translation is essential for growth and survival and the 
Aw: that regulate mRNA translation have been highly conserved throughout eukary- 

otic evolution. Translation is controlled by acomplex set of mechanisms acting at multiple 
levels, ranging from global protein synthesis to individual mRNAs. Recently, several mutations 
that perturb regulation of mRNA translation have also been found to increase longevity in three 
model organisms: the budding yeast Saccharomyces cerevisiae, the nematode Caenorhabditis elegans 
and the fruit fly Drosophila melanogaster. Many of these translation control factors can be mapped 
to a single pathway downstream of the nutrient responsive target of rapamycin (TOR) kinase. 
In this chapter, we will review the data suggesting that mRNA translation is an evolutionarily 
conserved modifier of longevity and discuss potential mechanisms by which mRNA translation 
could influence aging and age-associated disease in different species. 


Introduction 

Aging is influenced by a complex interaction between genes and environment. Many different 
types of damage have been suggested to play a causal role in aging, including oxidation of macro- 
molecules (DNA, RNA, lipids and proteins), cell senescence resulting from telomere shortening, 
apoptotic cell death, advanced glycation end-products and protein misfolding/aggregation.'” 
Despite many decades of study, however, the relative contribution of each of these processes to 
aging and how this translates into the multitude of age-associated phenotypes seen in people 
remains largely unknown. 

Many of the primary advances in our understanding of basic mechanisms of aging over the past 
several years have come from studies in invertebrate organisms. Three organisms, in particular, have 
been particularly informative regarding the genetic and environmental determinants of longevity: 
the budding yeast Saccharomyces cerevisiae, the nematode Caenorhabditis elegans and the fruit fly 
Drosophila melanogaster. Studies from these organisms have demonstrated the existence of at least a 
handful of “public” mechanisms of longevity control—presumably related to aspects of aging that 
are conserved across evolutionarily divergent species.” These include the longevity modifying func- 
tions of insulin-like signaling (ILS) pathways in nematodes and flies, sirtuin protein deacetylases 
in all three organisms and the target of rapamycin (TOR) kinases in all three organisms. 
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"The best-characterized “public” mechanism of longevity control is dietary restriction (DR). DR 
can be defined as a reduction in nutrient availability in the absence of malnutrition and has been 
observed to increase life span in a variety of organisms, including yeast, nematodes, flies, mice and 
rats.”!° Although it remains unclear whether DR also promotes longevity in humans, initial indica- 
tions are that DR improves health and survival in primates. 7“ The genetic pathway(s) by which 
DR slows aging has been studied extensively in invertebrate organisms. Data from both yeast and 
nematodes suggest an important role for TOR signaling downstream of DR in these organisms./”15 
TOR activity is reduced by DR, a reduction in TOR activity is sufficient to increase life span and 
epistasis studies have placed TOR and DR in the same pathway with respect to longevity. 

TOR signaling modulates multiple cellular processes, including protein degradation by au- 
tophagy, mitochondrial metabolism and mRNA translation.'® An important question, therefore, 
is which of these TOR regulated processes are most relevant for longevity control in response 
to nutrient and growth factor abundance. It has been demonstrated that autophagy is necessary 
for life span extension from DR or reduced TOR signaling in worms; however, induction of 
autophagy does not appear to be sufficient to increase life span on its own.'”!? In contrast, muta- 
tions that modulate mRNA translation have been found to be sufficient to increase life span in 
yeast, nematodes and flies, raising the possibility that DR promotes longevity, at least in part, via 
a conserved longevity pathway involving TOR and TOR-regulated translation factors (Fig. 1).”° 


Dietary Restriction 


(aram) — .. — Auophagy 


dı 


” 1/$ çə 


Ribosomal Translation Initiation 
proteins Factors 


(rpl-6/RPL6B, rpl-9/RPL9A, (ifg-1/TIF4631; inf-1/TIF1, TIF2) 
rpl-19/RPL19A) 


Figure 1. A conserved longevity pathway involving TOR signaling and protein translation. 
Components of the TOR signaling pathway have been shown to modulate longevity in yeast, 
nematodes and flies and may represent a mechanism for lifespan extension in response to 
dietary restriction. Many downstream targets of TOR signaling, including ribosomal proteins 
and translation initiation factors, have a conserved role in life span determination. Conserved 
aging genes highlight the role of the TOR signaling pathway in modulating longevity. Homolog 
gene pairs that modulate aging in both yeast and nematodes are shown in parentheses (nema- 
tode genes are on the left and yeast genes are on the right). All enclosed factors are known 
to affect aging in invertebrate organisms. 
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This hypothesis and the evidence supporting an important role for mRNA translation in aging 
across evolutionarily divergent species are discussed in detail below. 


Genome Scale Longevity Screens in Yeast and Nematodes 

With the sequencing of the complete genome of S. cerevisiae, it was possible to create a set of 
comprehensive single gene deletion mutants that span every known open reading frame in the 
yeast genome. The yeast ORF deletion collection contains haploid MATa and MAT mating 
type strains, as well as homozygous and heterozygous diploids, in an isogenic background.”! Two 
distinct aging paradigms have been developed in yeast, referred to as replicative and chronological 
aging and the deletion collection has been screened to identify single-gene deletions that increase 
life span in both aging models.” 

Replicative life span (RLS) measures age as the number of mitotic divisions a single cell can 
undergo.”4 Saccharomyces cerevisiae is a budding yeast, meaning that it mitoses asymmetrically, a 
characteristic conferring two particular implications: a mother-daughter pair can be identified 
and the mother cell, which retains most of the cell volume and its contents, also retains a major- 
ity of the age associated damage, such as damaged proteins and extrachromosomal rDNA circles 
(ERCs). Replicative age is monitored by micromanipulation of the daughter cells away from the 
mother cell and RLS is defined by the total number of daughter cells produced by each mother 
cell. Yeast RLS has been proposed as a model for aging of mitotic cells in higher eukaryotes and 
may be particularly relevant for stem cell aging. 

In order to model the mechanisms of aging in postmitotic cells using yeast, an alternative 
measure of life span, referred to as chronological life span (CLS), monitors the ability of cells 
to reenter the cell cycle following a period of quiescence-like growth arrest.”” CLS is typically 
determined by growing cells to high density in liquid culture, at which point they exit the cell 
cycle but remain metabolically active. Viability over time is determined by periodically challeng- 
ing a portion of the aging population for the ability to resume vegetative growth under nutrient 
rich conditions. The relationship between replicative and chronological aging in yeast remains 
incompletely defined; however, a link has been suggested by the observation that chronologi- 
cally aged cells subsequently have a shortened replicative life span.” 

Data from the deletion collection longevity screens to date have identified many new genetic 
modulators of aging, some of which can be placed in preexisting pathways, such as the TOR path- 
way, while others appear to be novel mechanisms of life span control. Although there appears to 
be a wide variety of genetic modifiers of aging in yeast, many of them fall under distinct function 
classifications, specifically nutrient response mechanisms, mitochondrial genes and regulators of 
protein biosynthesis.””?? 

Multiple large-scale longevity screens in nematodes have been conducted concurrently with 
the yeast screens using RNA interference (RNAi). Though there is no complete worm deletion 
set, RNAi has been shown to effectively block gene function in C. elegans and two commercially 
available RNAi libraries cover more than 80% of the predicted worm open reading frames.051 From 
these studies, more than 300 genes have been identified that are associated with increased life span 
when their function is diminished in the genome.””” Many of the known longevity genes in C. 
elegans can be grouped into one of four at least partially distinct classes: (1) genes that function 
in ILS, (2) genes involved in mitochondrial function, (3) genes that promote mRNA translation 
and (4) genes involved in the response to dietary restriction (DR), which seems to correlate well 
with the data obtained from yeast. Thus, while there are many genes involved, only a few major 
pathways appear to regulate longevity 

While many new longevity genes have been identified through these screens, the possibility of false 
negatives should be considered. For example, in one screen from Hansen et al, only one previously 
known longevity gene, daf-2, was identified. However, when RNAi clones for previously known 
longevity genes such as age-1 and akt-1 were tested, they were shown to significantly extend lifespan. 
This indicated that there was ahigh level of false negatives in this screen and thus more genes involved 
in lifespan regulation remain unidentified. One way to further investigate this possibility has been to 
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perform RNAiscreens of specific categories of genes, such as developmental arrest genes.””” Studies 
such as these have strengthened the link between mRNA translation, development and lifespan since 
the genes identified were enriched for those involved in protein synthesis. 


mRNA Translation is a Public Determinant of Longevity 

Evidence that mRNA translation is an important modifier of longevity in different species 
has been provided by data from several independent studies. As mentioned previously, mutations 
that decrease TOR activity are known to increase life span in yeast, nematodes and flies.15233859 
Likewise, mutation of the TOR-regulated ribosomal Só kinase, multiple ribosomal protein genes 
and multiple translation initiation factors, has also been shown to be sufficient to increase life span 
in each of these organisms.1154047 

The data derived from genome-wide longevity studies in yeast and nematodes have presented a 
largely unbiased picture of many of the genes that are relevant for aging in these organisms. This, in 
turn, has allowed for the first quantitative analysis of the degree to which genetic control of aging 
has been evolutionarily conserved. Smith et al“ used protein sequence homology algorithms to 
match reported C. elegans longevity genes with corresponding yeast homologs. The RLS of yeast 
strains carrying deletion alleles in these genes (yeast homologs of worm aging genes) was then 
determined. In the highest confidence set, defined by a reciprocal BLASTp best-match, a 4-fold 
enrichment in life span extending deletions, relative to randomly selected deletion strains, was 
observed. This represents a statistically significant enrichment, suggesting that genetic control of 
longevity has been evolutionarily conserved between budding yeast and nematodes. 

In total, Smith et al” identified 25 homolog-pairs that similarly modulate longevity in both yeast 
and nematodes. The most striking feature of the set of 25 conserved aging genes is the substantial 
enrichment for genes that code for proteins involved in regulating mRNA translation (Table 1). 
Among the 25 homolog-pairs, only two were previously known to modulate aging in both yeast and 
worms: TORI /let-363 and SCH9/rsks-1. SCH9 and rsks-1 are homologs of mammalian ribosomal 
Só kinase. In addition to TOR and ribosomal S6 kinase homologs, three ribosomal proteins of the 
large subunit (RPL19A/rpl-19, RPL6B/rpl-6, RPL9A/rpl-9) and three translation initiation factors 
(TIF1 /inf-1, TIF2/inf- 1 and TIF4631/ifg-1) were identified. Given that TOR and S6K are known to 
negatively regulate both ribosome biogenesis and translation initiation factor activity, it is reasonable 
to speculate that all of these factors act in a single conserved longevity pathway (Fig. 1). 

Although TOR signaling and regulation of translation initiation are conserved longevity con- 
trol mechanisms shared between yeast and worms, it is interesting to note that the mechanisms by 
which reduced ribosome biogenesis influences longevity may be somewhat different in the two 
species. A functional ribosome is composed of two multi-protein subunits, a 40S “small” subunit 
and a 60S “large” subunit. In C. elegans, RNAi knock-down of ribosomal proteins or rRNA pro- 
cessing factors that mediate production of either ribosomal subunit are associated with increased 
life span.14325545 In yeast, in contrast, decreased abundance of the large ribosomal subunit seems 
to be much more important for longevity than the small subunit,” with potential exceptions.” 
Whether these differences reflect overlapping or entirely different downstream mechanisms of 
longevity control in yeast and worms is currently unknown. 


Is DR Mediated by Reduced mRNA Translation? 


As mentioned previously, one appealing hypothesis for DR is that increased life span is mediated 
at least in part by modulating mRNA translation in response to reduced TOR signaling. Several 
lines of evidence from different species support this hypothesis, including (1) TOR activity is 
reduced by DR, (2) reduced TOR activity is sufficient to increase life span under nutrient-replete 
conditions, (3) reduced TOR activity leads to reduced S6 kinase activity, (4) reduced S6 kinase 
activity is sufficient to increase life span, (5) reduced TOR/S6 kinase activity leads to reduced 
mRNA translation via regulation of translation initiation factors and expression of ribosomal 
proteins and (6) mutations in translation initiation factors and ribosomal proteins have been found 
to be sufficient to increase life span. 
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Table 1. Translation-related genes reported to modulate aging in Saccharomyces 
cerevisiae and Caenorhabditis elegans. Shading indicates that altered 
function of the protein has been reported to increase life span in the 
indicated organism. When applicable, homologs are shown for yeast, 


nematodes and humans 


Type Yeast Nematode Human 
Regulatory Kinases TOR1“5 let-36345 FRAP1 
SG. rsks-1488! RPS6KB1, SGK2 
Translation Initiation Factors URL? inf-148 EIF4A2, EIF4A1 
We inf-148 EIF4A2, HF4A1 
TIF463 14°48 ifg-1?5491 EIF4G1, EIF4G3 
HYP2 iff-1?5 EIF5A2, HF5A 
CDC33 ife-21444 EIF4E1B, EIF4E 
GCD11 Y39G10AR.8” EF2S3 
GCD6 D2085.39 EIF2B5 
RPN8 eif-3.F? EIF3F 
SUI3 iftb-11417 EIF2S2 
RPG1 egl-45% EIF3S10 
PRT1 eif-3.B35 EIF3S9 
RRP3 inf-155 EIF4A2 
GPI10 WAR 32 PIGB 
Large Ribosomal Subunit Components RPL4B rpl-4'4 RPL4 
RPL6B”” rpl-6% RPL6 
RPL7A”” rpl-7 RPL7A 
RPL9A” rpl-94° RPL9 
RPL13A” rpl-13 RPL13A 
RPL10* rpl-10 RPLIOA 
RPL1I9A”” rpl-1945 RPL19 
RPIE20B5977 rpl-20 - 
RPL21B” rpl-21 RPL18A 
RPL22A” rpl-22 - 
RPL23A“7” rpl-23 RPL23A 
RPL30 rp|-30" RPL30 
RPL31A” rpl-31 š 
RPL33B” rpl-33 RPL35A 
RPL34B“7 rpl-34 - 
RPL43B“” rpl-43 RPL37A 
Small Ribosomal Subunit Components RPS6B* rps-6!4 RPS6 
RPS3 rps-35 RPS3P3 


continued on next page 
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Table 1. Continued 


Type Yeast Nematode Human 
RPS5 rps-5125 RPS5 
RPS8B rps-8 RPS8 
RPS10B rps-10'4 RPS10 
RPS11A rps-111:55 RPS11P5 
RPS15 rps-15" RPS15P5 
RPS18A/B* rps-18 RPS18 
RPS22A rps-22" RPS15A 
RPS23B rps-23175 RPS23 
RPS26B rps-26'4 RPS26P8 

Mitochondrial Ribosomal Components MNP1 VVO9D10.375 MRPL12 
RSM10 Y37D8A.18"° MRPS10 
MRPL4 B0261.497 MRPL47 
MRPS9 FO9G8.3"5 MRPS9 
m F33D4.5'% MRPL1 
- İF) əə MRPL24 
- tag-26432 MRPS30 

Nucleolar Proteins NOP58 nol-532 AC064836.1 
NOP14 Y48G1A.4” NOP14 
NOP12” F11A10.7 - 

Others NPL3 drr-256 WBSCRI1 
RRP40 exos-332 EXOSC3 
= F53F4.11°? RSLID1 
SSFI” Ipd-6 š 
leer - - 

REI1*” C16A3.4 ZPR9 
RPP2B*” C37A2.7, rla-2 RPLP2 
TMA19*° tct-1 TPT1, RP11 


Epistasis studies in yeast add additional support for the hypothesis that TOR-regulated mRNA 


translation control underlies life span extension from DR. In the yeast replicative aging paradigm, 
deletion of TORI, SCH9, or a subset of large subunit ribosomal proteins increases the RLS of 
cells under nutrient replete conditions, but fails to further increase the RLS of cells under reduced 
glucose conditions,'**” which is used as a model of DR in this organism.’ Similar to the case for 
DR,” TOR, Sch9 and ribosomal proteins also modulate RLS in a Sir2-independent manner.157 
These data are consistent with the idea that all of these interventions act in a single pathway to 
modulate RLS in yeast. 

The relationship between DR and TOR-regulated translation appears to be more complex in 
C. elegans. Similar to the case in yeast, inhibition of TOR signaling fails to further increase the 
life span of worms subjected to DR and both TOR signaling and DR are reported to promote 
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longevity by a mechanism independent of the nematode Sir2 ortholog, SIR-2.1. 14.17.5556 Tr remains 
unclear, however, whether S6 kinase and translation initiation factors act downstream of TOR 
and DR to promote longevity in C. elegans or in a parallel pathway. For example, deletion of the 
gene coding for the nematode Só kinase homolog rsks-1 increases life span additively with DR, 
which differs from the case in yeast. One issue that complicates interpretation of these studies, 
however, is that multiple methods of DR have been described in C. elegans and the relationship 
between DR, TOR and mRNA translation has only been studied using a subset of these methods. 
There is also evidence that different methods of DR in C. elegans can promote longevity by distinct 
mechanisms,” raising the possibility that decreased mRNA translation could be important for 
some, but not all, types of DR in this organism. 

Based on the complex genetic interactions between DR, TOR and mRNA translation in 
nematodes, as well as additional data from studies of DR and mTOR in mammals, it seems likely 
that a simple linear model placing DR upstream of TOR, upstream of S6K and translation initia- 
tion factors is too simplistic to accurately represent the underlying biology of DR. For example, 
TOR signaling interacts with ILS, which is known to modulate longevity in both invertebrates 
and mammals, through reciprocal cross-talk mediated in part by AKT.” TOR also interacts with 
the hypoxic response, which has recently been shown to modulate longevity in C. elegans.” It is 
reasonable to speculate that TOR could be influencing longevity through altered ILS, induction 
of the hypoxic response, or both. Likewise, as mentioned previously, TOR signaling regulates 
additional downstream processes, including mitochondrial function and autophagy. It has previ- 
ously been shown that autophagy, in particular, is required for life span extension in response to 
reduced ILS," is induced by DR,“ and is required for increased life span.!””? Taken together, 
these observations may suggest that the life span extension associated with DR and reduced TOR 
signaling is likely to require multiple TOR-regulated outputs, including enhanced autophagy, 
altered ILS or hypoxic response, as well as reduced mRNA translation. 


Possible Mechanisms for How Translation Influences Aging 

Regardless of whether mRNA translation plays a primary role in life span extension from 
DR or reduced TOR signaling, it is clear that mutations to ribosomal S6 kinase, translation 
initiation factors, or ribosomal proteins is sufficient to increase life span in yeast, nematodes 
and flies. How might mutations that reduce mRNA translation slow aging? Here we describe 
experimental evidence supporting three distinct, but not mutually exclusive, hypotheses that 
may contribute to life span extension in response to altered mRNA translation: (a) differential 
translation of specific mRNAs, (b) improved protein homeostasis with aging and (c) altered 
energetics and distribution of resources toward somatic maintenance. 

a. Differential translation. Perhaps the simplest explanation to account for the observation 
that some mutations leading to altered mRNA translation also increase life span is differential 
translation of one (or more) MRNA coding for a protein that modulates aging. For example, 
consider a hypothetical protein AGE-X that promotes longevity: AGE-X mRNA is poorly 
translated under normal conditions but is efficiently translated when a specific translation 
initiation factor is mutated, even though most genes are less efficiently translated. Increased 
life span is observed when this translation initiation factor is mutated because AGE-X protein 
abundance is increased in both relative and absolute terms. 

‘The yeast transcription factor, Gcn4, is a longevity gene that fits the AGE-X example. In 
a recent study by Steffen et al” it was found that deletion of several genes encoding proteins 
in the 60S ribosomal subunit, but not the 40S ribosomal subunit, increased yeast RLS. Gcn4 
was found to be differentially translated in long-lived mutants and necessary for full life span 
extension.” When functional 60S ribosomal subunits are depleted, global mRNA translation 
is decreased while translation of Gcn4 is increased. Differential translation of Gcn4 is mediated 
by post-transcriptional regulation via four inhibitory upstream open reading frames (uORFs) 
located in the 5” leader of the GCN4 mRNA that act to negatively regulate its translation under 
certain conditions.” Under conditions of rapid growth, little Gcn4 protein is produced due to 
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translation of the inhibitory uORFs. It is hypothesized that when 60S subunits are depleted, 
translation of the inhibitory uORFs is reduced, leading to increased efficiency of translation 
of the Gcn4 protein. 

It is interesting to note that the deletion of 60S ribosomal proteins and the corresponding 
increase in Gcn4 translation mimics the regulation of Gcn4 in response to stress. Organisms have 
evolved specific mechanisms to increase their survival during times of stress and one mechanism 
is genetic reprogramming through increased expression of transcription factors such as Gcn4. It 
has been shown, for example, that translation of Gcn4 is specifically up-regulated in response to 
nutritional deprivation.“ In addition, mammalian ATF proteins such as ATF4 and ATT5 (func- 
tional homologs of yeast Gcn4), are also translationally regulated in response to various stresses 
including food deprivation and amino acid limitation.® © It is thus logical to hypothesize that 
the differential translational regulation of transcription factors such as Gcn4 and mammalian 
ATFs may be a conserved translational response to DR. In support of this, Gcn4 is required 
for the full lifespan extension by DR as well as that seen in long-lived TOR and Sch9 deletion 
mutants that epistasis experiments have placed in the same pathway as DR.” Thus, DR may act 
as a nutritional stressor which signals to an organism to increase translation of transcription 
factors, such as Gcn4 and mammalian ATFs, thereby activating a genetic program that will in- 
crease its chance of survival during times of nutrient scarcity. Along this same notion, reducing 
translation by inhibition of TOR signaling may also work in this manner. For example it was 
recently shown in a mammalian cellular system that the Tuberous Sclerosis Complex Proteins 
land 2 (TSC1 and TSC2) negatively regulate protein translation by inhibition of TOR upon 
serum withdrawal.” Interestingly, this study also found that the TOR complex 1 inhibitor, ra- 
pamycin, specifically inhibited a subset of mRNAs that included many ribosomal proteins and 
components of the translational machinery, suggesting that a major function of TOR complex 1 
in mammals, as in yeast, is to positively regulate ribosome biogenesis. Thus, when TOR signaling 
is inhibited by lack of nutrients, global translation decreases, in part due to reduced translational 
machinery; on the other hand, specific mRNAs such as Gcn4 and mammalian ATFs increase, 
because their translational regulation is geared to be activated by nutritional stressors in order 
to increase the survival of the organism. While it appears that mammalian ATFs are regulated 
by translation in a similar manner as Gen4, further studies will be needed to determine whether 
this mechanism of longevity control extends beyond yeast. 

b. Protein homeostasis. A second possibility to account for how reduced mRNA translation 
might promote longevity is that protein homeostasis during aging is better preserved under such 
conditions. It has been speculated that failure to maintain protein homeostasis may be a primary 
molecular cause of aging.‘ Age-associated loss of protein homeostasis could occur from accumula- 
tion of damaged, aggregated and misfolded proteins.® Evidence that such accumulation does occur 
with aging is abundant and recent studies have suggested that at least some mutations resulting in 
increased life span also confer enhanced resistance to proteotoxic stress. For example, at least three 
distinct longevity pathways in C. elegans (DR, insulin-like signaling and the hypoxic response) 
also modulate toxicity of aggregation prone peptides,” and reduced TOR signaling has been 
found to increase resistance to polyglutamine toxicity in both flies and mice.” 

If failure to maintain protein homeostasis due to accumulation of damaged proteins is a 
limiting factor for longevity, then it is reasonable to speculate that a global reduction in protein 
synthesis, as is observed in long-lived mutants with impaired mRNA translation, could ameliorate 
this process. In cases such as Huntington’s disease, in which the disease-causing proteotoxicity can 
be causally linked to a single toxic protein, reduced translation might improve outcome simply by 
reducing production of that protein. Evidence in support of this idea was recently published in 
which the inhibitor of TOR, rapamycin, was tested in acellular model of Huntington’s disease. 
In this study, the authors sought to understand whether rapamycin clears toxic polyglutamine 
aggregates solely through an autophagic mechanism or if it also acts by reduction of protein 
synthesis. They found that rapamycin could reduce both the total amount of protein and the 
amount of soluble exogenously expressed polyglutamine protein in both autophagy-competent 
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Figure 2. Protein homeostasis and aging. With normal aging (thick red arrows), accumulation of 
damaged proteins may eventually overburden the repair and removal mechanisms (shown by 
darker gradient in the thick red arrows). Regulation of normal proteins may then be disrupted, 
causing an imbalance between normal and damaged proteins which may limit longevity. An 
overall reduction in the synthesis of new proteins (thin green arrows) could ameliorate the over- 
load of repair and clearance mechanisms and reduce the amount of damaged proteins to below 
the critical threshold, thereby restoring the regulation of normal proteins and possibly increasing 
longevity. A color version of this figure is available online at www.landesbioscience.com/curie. 


and incompetent cells, suggesting that in addition to autophagy, rapamycin also acts through 
a global reduction of protein synthesis to prevent polyglutamine-induced toxicity.” This find- 
ing has important implications for normal aging as well, since it is likely that accumulation of 
a variety of damaged protein species contributes to loss of protein homeostasis. In this case, a 
general reduction in protein synthesis could improve protein homeostasis both by reducing 
the flux of newly synthesized proteins into the system and by allowing the endogenous repair 
and degradation machinery to maintain a lower steady-state burden of misfolded and damaged 
peptides (Fig. 2). 

c. Improved energy balance. A third possible mechanism by which reduced translation 
could influence aging is by redistributing resources toward somatic maintenance at the expense 
of fecundity. A large investment of energy is required in order to maintain high levels of pro- 
tein synthesis. As such, mRNA translation is generally tightly coupled to nutrient availability 
and environmental conditions related to growth.” ” In general, evolutionary pressures are 
likely to have selected for individuals that are able to respond to growth-favoring conditions by 
developing rapidly and reproducing abundantly. In contrast, many long-lived mutants develop 
more slowly and show reduced fecundity.” This has been taken as evidence that one strategy 
for slowing aging is to shift the balance of energy expenditure away from reproduction toward 
somatic maintenance. 

Evidence from both yeast and nematodes suggests that long-lived mutants with altered mRNA 
translation do, indeed, have reduced fecundity. In worms, rsks-J and ¿/g-1 deletion mutants 
have been shown to have as much as a 50% decrease in mean brood size.*"*! //22-1, rps-15 and 
let-363 (TOR) RNAi treatments have been shown to decrease fecundity by 83%, 59% and 18% 
respectively.‘ In the yeast replicative aging paradigm, reproductive fitness is most analogous 
growth rate. For yeast in the wild, under conditions favoring growth, those (clonal) individuals 
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able to grow most rapidly will have a selective advantage. Although the relationship between 
replicative longevity and growth rate has not been comprehensively examined, at least within 
the class of longevity genes represented by TOR, SCH9 and translation-related genes, there is 


a significant inverse correlation between doubling time and RLS.” 


Does mRNA Translation Modulate Aging in Mammals? 

Although it remains unclear whether mRNA translation factors will play a conserved role in 
determining the longevity of mammals, translation has been indirectly implicated in the mammalian 
aging process. As covered in detail above, multiple mutants with altered mRNA translation have 
shown a moderate life span extension in invertebrate animal models. Specifically, TORC1 activity, 
which promotes mRNA translation through at least two different downstream targets, ribosomal S6 
kinase and eukaryotic initiation factor 4E (eIF4E) binding proteins (4E-BPs), has been implicated 
in the aging process, as well as its down-stream effectors. Activation of ribosomal S6 kinase promotes 
the activity of other translation initiation factors, such as eukaryotic initiation factor 4B (elF4B) 
and stimulates production of ribosomal proteins and ribosome biogenesis (Table 2). Decreased 
ribosomal Só kinase activity, translation initiation factor activity, or ribosomal protein expression 
have all been found to promote longevity in yeast, worms and flies. Analogous mutants, however, 
have yet to be tested for life span extension in the context of a mammalian system. Rather, the role of 
mRNA translation in mammalian aging has been implicated through its role in age-related diseases 
such as cancer, diabetes, cardiovascular defects and neurodegenerative diseases. 


mRNA Translation and Cancer 

The major hallmark of DR in rodents is a significant reduction in age-associated cancer inci- 
dence.* It has been speculated that the reduction of cancer occurrence may account for a large 
fraction of the longevity benefit associated with DR in rodents.** Mutations of mTOR pathway 


Table 2. Representative mouse models with altered translation 


Mouse Model Phenotype 

mTOR knockout!2%127 Early postimplantation lethality; mTOR (+/-) have reduced 
S6 kinase phosphorylation but normal $6 phosphorylation. 

Raptor knockout'®? Early embryonic lethality 

Rictor knockout!” Early embryonic lethality 

mLST8 knockout!” Early embryonic lethality 

S6 kinase 1 (S6k1) knockout!" Decreased body size from embryonic stage compared to 


WT. Compensatory up-regulation of S6 kinase 2 (S6k2). 
Protected against age- and diet-induced obesity. Increased 
insulin sensitivity. 

Adipose-specific raptor knockout'®’ Leanness, protection against diet-induced obesity and 
hypercholesterolemia, improved insulin sensitivity. 


S6k1/S6k2 double knockout'”® Perinatal lethality, compensatory S6 phosphorylation by 
MAP kinase in response to mitogens. 


elF6 knockout"0 Preimplantation lethality; elF6 (+/-) mice have reduced 
body weight. 70% of elF6 (+/-) mice have reduced 
insulin-stimulated initiation of translation in liver. 


4E-BP1/4E-BP2 knockout" Increased s6 kinase activity. Increased sensitivity to 
diet-induced obesity and insulin resistance. 


RPL22 knockout'” Impairs af T-cell development. 
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components (the effectors of which are involved in mRNA translation) and/or elevated mTOR 
activity have been discovered in many cancers including lymphomas, melanomas, gliomas and 
CNS malignancies as well as carcinomas of lung, bladder, kidney, ovary, breast, prostate, stomach, 
pancreas and head and neck. Up-regulation of mTOR signaling by mutation in its upstream 
negative regulators, TSC1 or TSC2, results in an increased risk of renal cell carcinoma.***’ 
Furthermore, up-regulation of mTOR signaling is correlated with poor tumor prognosis for 
melanoma,* prostate,” pancreatic,” thyroid,”! breast,” and cervical cancers.” These findings have 
prompted extensive development and clinical testing of rapamycin derivatives (termed rapalogs) 
as therapeutic treatments toward a wide variety of tumors.”** 


mRNA Translation and Diabetes 

The mTOR signaling pathway has also been implicated in both Type 1 and Type 2 diabetes. 
Type 1 diabetes is characterized by reduced insulin production due to destruction of pancreatic 
B-cells, while Type 2 diabetes is characterized by a form of insulin resistance. Insulin-induced protein 
translation and proliferation” as well as growth induced by glucose and branched amino acids!” 
is dependent on mI OR signaling in pancreatic B-cells. Desensitization of cells to insulin has been 
linked in part to S6 kinase-dependent phosphorylation and inhibition of the insulin-receptor sub- 
strate proteins (IRS1 and 2).'°! Furthermore, S6K1-deficient mice have smaller islets and exhibit 
hypersensitivity to insulin and glucose intolerance.!% These mice also display reduced weight gain 
and resistance to obesity due to age or challenge with a high calorie diet compared to wild-type 
mice.'™ Similarly, disruption of 4E-BP1, another downstream component of mTOR signaling, 
results in mice with reduced adipose tissue.’ Taken all together, this suggests that chronic TOR 
activation results in insulin resistance (i.e., hyperglycemia and Type 2 diabetes). 

In addition mTOR has also been shown to play a role in lipid metabolism. mTOR expression 
is increased during adipogenesis and dosing with rapamycin results in the inhibition of adipo- 
cyte differentiation and a reduction of adipogenesis and lipogenesis. 9117 Mice containing an 
adipose-specific knockout of the TOR complex 1 accessory protein Raptor are lean and are resistant 
to diet-induced obesity and insulin resistance.’ These adipose-specific Raptor knockout mice also 
have enhanced mitochondrial uncoupling in adipose, which leads to increased energy expenditure. 
Not surprisingly, the consequences of Raptor knockout vary depending on the specific tissue and 
a complete knockout results in developmental lethality." For example, while an adipose-specific 
knockout of Raptor seems to have beneficial consequences, skeletal muscle-specific knockout mice 
have a muscular dystrophy phenotype."”” 


mRNA Translation and Cardiovascular Disease 

Cardiac hypertrophy, an enlargement of the heart due to increased cell size and protein synthesis, 
is directly linked to elevated activity of the P13K/Akt/mTOR pathvvay."" mTOR inhibition by 
rapamycin treatment has been shown to regress cardiac hypertrophy.""”"5 These effects are ac- 
companied by suppression of ribosomal S6 protein and elF4E phosphorylation, which occurs due 
to pressure overload.!!3 These data indicate that the specific activity of mTOR regulating mRNA 
translation may play a key role in cardiac health. With age there is an increase in the prevalence 
of cardiovascular diseases, such as congestive heart failure and coronary artery disease. Studies are 
indicate that regulation of mRNA translation through modulation of mT OR activity may prove 
a viable cardioprotective strategy. 


mRNA Translation and Neurodegenerative Disease 

DRhas been long been suggested to have a neuroprotective effect and to decrease age-related 
neuronal loss, though the underlying mechanism remains poorly understood.'*! mTOR signal- 
ing has been shown to have a protective role against polyglutamine toxicity, "”""vyhich is associ- 
ated with several neurodegenerative diseases in people, including Huntington’s disease." Thus 
such disorders, as well as normal brain function, may benefit from pharmacological modulation 
of the mTOR signaling pathway. It has been speculated that an enhanced autophagic response 
induced by DR or rapamycin treatment may help remove toxic protein aggregates; however, it 
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remains possible that altered mRNA translation also plays an important mechanistic role. Further 
studies will be needed to determine precisely which aspects of TOR signaling are most relevant 
for enhanced resistance to proteotoxic stress in both invertebrate and mammalian models. 


Conclusion 

It is clear that mRNA translation control is a central determinant of longevity in invertebrates. 
Indeed, other than DR, only two proteins have been shown to modulate longevity in yeast, nematodes 
and flies: TOR and ribosomal S6 kinase. Multiple additional translation factors have been found 
to modulate aging in both yeast and nematodes and it seems likely that this will be extended to flies 
in the near future. The importance of this pathway in mammalian aging has yet to be determined. 
In the absence of mammalian longevity data, however, there is reason to be optimistic that reduced 
TOR signaling may be beneficial for a variety of age-associated diseases in mammals. For example, 
mice treated with rapamycin show resistance to cancer, neurodegeneration and cardiac disease, 515 
Additionally, raptor and S6 kinase knockout mice show phenotypes consistent with a partial ge- 
netic mimetic of DR, including improved insulin sensitivity, reduced adiposity and resistance to 
age-associated obesity.’ There is also emerging data that inhibition of TOR is likely to have beneficial 
health effects in humans. Rapamycin (Sirolimus) is used clinically as an immunosuppressant and to 
prevent coronary stent restenosis,'*° and is also in clinical trials as an anti-cancer therapeutic.’ It 
is noteworthy that reduced age-associated cancer incidence is a primary feature of DR in rodents, 
suggesting that rapamycin mimics at least some DR phenotypes in humans. It will be of great interest 
to determine whether rapamycin exposure can prevent or treat other age-associated human diseases. 
The mechanistic explanations underlying these beneficial effects are likely to be complicated and the 
consequences of reduced TOR or SK6 activity may well be different from tissue to tissue. It is of vital 
importance to know whether reduced TOR activity enhances longevity in mammals. Fortunately, 
longevity experiments with mice fed a diet supplemented with rapamycin are well underway as part 
of the National Institute on Aging Interventions Testing Program’ and results are likely to be avail- 
able by the time this chapter is published. 

In the last few years, the relationship between protein translation and aging has begun to come 
into sharper focus. 75124 The next few years should see increasingly successful efforts to elucidate 
the mechanisms underlying enhanced longevity resulting from reduced TOR signaling and/or 
translation initiation, as well as a better understanding of whether the translation control genes 
identified from longevity studies in model organisms are likely to be useful therapeutic targets for 
treating age-related diseases in humans. 
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CHAPTER 3 


Protein Synthesis and the Antagonistic 
Pleiotropy Hypothesis of Aging 


Pankaj Kapahi* 


Abstract 

rowth and somatic maintenance are thought to be antagonistic pleiotropic traits, but the 
e molecular basis for this tradeoff is poorly understood. Here it is proposed that changes in 

protein synthesis mediate the tradeoffs that take place upon genetic and environmental 
manipulation in various model systems including yeast, worms, flies and mice. This hypothesis 
is supported by evidence that inhibition of the TOR (target of rapamycin) pathway and various 
translation factors that inhibit protein synthesis lead to slowing of growth and development 
but extend lifespan. Furthermore, dietary restriction (DR) that leads to antagonistic changes in 
growth and lifespan, also mediates this change by inhibiting protein synthesis. Direct screens to 
identify genes that extend lifespan from a subset of genes that are essential for growth and develop- 
ment have also uncovered a number of genes involved in protein synthesis. Given the conserved 
mechanisms of protein synthesis across species, I discuss potential mechanisms that mediate the 
lifespan extension by inhibition of protein synthesis that are likely to be important for aging and 
age-related disorders in humans. 


Evolution of Aging 

‘Nothing in Biology makes Sense except in Light of Evolution’ Dobzhansky. 

Though a number of single gene mutations have yielded important insights into the cel- 
lular processes involved in determining lifespan, a better understanding of the aging process 
is likely to be achieved by understanding their function in terms of evolution. The underlying 
principle of evolutionary theories of aging is that the force of natural selection declines with 
age.’ Medawar observed that the inevitable loss of individuals in a population over time due 
to accidents or diseases leaves fewer animals alive even in the absence of senescence or any age 
related decline. Therefore, the younger animals contribute the most to the succeeding genera- 
tions and the gene pool. Two possible theories have been proposed to explain the existence of 
aging based on this principle. The first proposed by Medawar himself, is known as the mutation 
accumulation theory. According to this, deleterious mutations that manifest their effects late 
in life would accumulate in a population and lead to senescence as they are not removed due to 
lack of selective pressure. The second, proposed by Williams? is termed the antagonistic pleiotropy 
theory. In his classic paper, Williams postulated the existence of pleiotropic genes that endow 
benefits early in life at the cost of deleterious effects later to explain the evolution of senescence.” 
Williams also predicted “Jt would be expected that if development could be completely arrested there 
would be no senescence’. He gave calcification of bones as an example of a pleiotropic process 
that strengthens skeletal structures early in life but causes deleterious effects later in life due to 
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calcification of arteries. These alleles confer an early advantage and are favored in a population. 
However, these alleles may have deleterious effects later on (post-reproductive period) but are 
not removed due to reduced selective pressure. The disposable soma theory is based on resource 
allocation and is compatible with the antagonistic pleiotropy theory. According to this theory 
aging takes place due to tradeoffs resulting from partitioning of finite energy resources spent 
either on somatic maintenance or growth and reproduction. Antagonistic pleiotropy has been 
suggested asa ‘public’ mechanism of aging which would be common to various species, compared 
to mutation accumulation which may be a ‘private’ mechanism.’ Strong support for antagonistic 
pleiotropic mechanisms comes from various methods of lifespan extension that are conserved 
across species. However the molecular mechanisms of how antagonistic pleiotropic phenotypes 
are mediated remain unclear and hold keys for important insight into the aging process. Genetic 
mutations in various signaling pathways offer hope to probe into understanding the mechanisms 
of antagonistic pleiotropy and are described below. 


Insulin-Like Signaling (ILS) 

Antagonistic pleiotropic mechanisms that modulate lifespan are at play in single gene mutants 
that extend lifespan. Modulation of genes in the ILS pathway, known to alter nutrient sensing,‘ 
has been shown to extend lifespan in various species.””” Inhibition of ILS pathway using genetic 
mutants, mirrors the cellular and organismal effects of starvation and leads to a reduction in body 
size in Drosophila.** On the other hand hypomorphic mutations in Jvr (insulin-like receptor) 
and chico (insulin receptor substrate), both components of the insulin signaling pathway, extend 
lifespan.” In C. elegans crowding and starvation conditions lead to formation of dauer larvae, an 
alternative developmental state that is nonreproducing, stress resistant and long lived.'"* Mutants 
in the ILS pathway, such as daf-2 (insulin receptor) and age-J (PI3 kinase), lead to significant 
lifespan extensions, but the animals are also more prone to dauer formation.'*"* Both the dauer 
formation and lifespan extension phenotypes are suppressed by mutations in daf-16, a forkhead 
family transcription factor'*!>'* that regulates stress responsive genes.'”!* Competition experiments 
in worms show that insulin pathway mutants have greatly reduced fitness which is exacerbated 
under conditions of starvation.’ These results together demonstrate that modulation of the ILS 
pathway mediates tradeoffs between somatic maintenance, by modulating stress responses and 
fitness early on life. 


TOR Pathway 


Similar to mutants in the ILS pathway mutants in the TOR pathway, a nutrient sensing 
pathway conserved from yeast to humans show antagonistically pleiotropic phenotypes. In D. 
melanogaster, larvae lacking TOR show similarities to amino acid-deprived animals, such as 
reduced nucleolar size, developmental arrest and lipid vesicle aggregation in the larval fat body." 
However, inhibition of the TOR signaling pathway, including the products of the tuberous 
sclerosis complex genes (Tscl and Tsc2), TOR and S6K, extend lifespan in D. melanogaster.”' In 
C. elegans, deletion of CeTOR leads to developmental arrest at the L3 larval stage and intestinal 
atrophy.” A similar phenotype was observed for homozygous daf-15 mutants.”” DAF-15, the 
worm ortholog of the mammalian protein raptor (regulatory associated protein of mammalian 
TOR), forms a stoichiometric complex with TOR. Interestingly, neither the developmental 
arrest nor the fat accumulation of homozygous daf-15 mutants is suppressible by daf-16 muta- 
tions.”* Inhibition of genes in the TOR pathway in worms can extend lifespan.**** In C. elegans 
inhibition of S6 Kinase reduces body size and growth but extends lifespan.’® Thus, although 
mutations that affect the TOR pathway can result in phenotypes similar to those caused by 
mutations that affect the ILS pathway, the TOR pathway is either acting downstream or in 
parallel to the ILS pathway in C. elegans. ILS is believed to have evolved to allow coordination 
of growth signals in multicellular organisms, while the TOR pathway plays a cell autonomous 
role in growth.” 
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Protein Synthesis 

Inhibition of protein synthesis is one of the key outputs of reducing the flux through the ILS 
and TOR pathways and is likely to mediate the phenotypic effects of modulating these pathways 
at least in mammals.*°*! Protein synthesis is a regulated cellular process that plays a key role in 
keeping organismal growth and development in tune with environmental conditions.” Direct 
inhibition of protein synthesis by attenuating expression of various mRNA translation factors 
or reducing protein in the diet has been shown to antagonistically slow growth and develop- 
ment on one hand and enhance somatic maintenance and lifespan on the other in multiple spe- 
cies.24262833-36 A well-studied translation factor in the context of aging is //z-/, the worm ortholog 
of the elF4G translation factor. A reduction in overall protein translation upon inhibition of 
ifg-1 has been previously observed.” Inhibition of ifg-J during development causes larval ar- 
rest while its reduced expression during adulthood increases lifespan and stress resistance in C. 
eleganış, 7225262837 eT F-4G acts as a scaffold for the highly conserved eIF-4F cap-binding complex 
that bridges eIF-4E, which binds the 5” methylated cap, to the poly-A binding protein (PA BP), 
which associates with the poly-A tail, aiding in the circularization of mRNAs and increasing 
translation initiation.7”55 Inhibition of a number of components in the eIF4F complex leads to 
lifespan extension.”® Over-expression of el F4E in cultured mammalian cells causes transforma- 
tion of fibroblasts and increased cell size, which can be reversed by increasing the abundance 
of 4EBP.**” eI F4e is also critical for growth in Drosophila.® Overexpression ofelF4E has been 
shown to increase cellular senescence in mammalian cells as determined by B-galactosidase 
staining.“ Inhibition of eIF4E in somatic cells has been shown to be sufficient to extend lifespan 
in C. elegans in a DAF-16 independent manner.”" Following mRNA translation initiation, the 
ribosome plays a key role in catalyzing the assembly of amino acids into polypeptide chains. 
Ribosomal proteins have an established role in protein synthesis and growth in various species. 
Studies from both S. cerevisiae and C. elegans demonstrate a conserved role for inhibition of 
ribosomal proteins in lifespan extension.”**’ Together, these observations support the idea that 
inhibition of protein synthesis regulates growth and somatic maintenance antagonistically, a 
phenomenon that is likely to be conserved across species. 


Direct Screens to Identify Genes That Antagonistically Regulate 


Growth and Longevity 

Genome-wide RNAi screens for longevity genes have been performed by several groups. 
Surprisingly, only 3 genes were common in the two screens, which identified a total 112 genes, 
suggesting the screens for extended longevity have not been saturated. In these screens, animals 
were exposed to RNAi either from an embryonic or the first larval stage. Thus, genes that 
cause lethality and/or developmental arrest upon inhibition, were excluded from lifespan analysis. 
However, the antagonistic pleiotropy theory of aging suggests that genes playing essential roles 
during development may influence lifespan in adulthood. Two recent studies tested this idea 
and revealed that a significant proportion of genes that cause developmental arrest or lethality in 
C. elegans can extend lifespan when inhibited after development.” 

To get a better understanding of the molecular mechanisms of antagonistic pleiotropy, our 
group examined the effect on adult lifespan of genes that cause larval arrest based on the previous 
genome-wide screen performed by the Ahringer lab.” We specifically chose genes that show larval 
arrest, as mutants in the TOR pathway display a similar phenotype. Inhibition of //- / results in 
developmental arrest accompanied by the appearance of large, refractile intestinal vesicles and 
severe intestinal atrophy resembling that of CeTOR deficiency.” From a pool of 57 genes that cause 
developmental arrest after inhibition using RNA interference, 24 genes that extend lifespan were 
identified when inactivated during adulthood. Many of these genes are involved in regulation of 
mRNA translation and mitochondrial functions. Genetic epistasis experiments indicate that the 
mechanisms of lifespan extension by inactivating the identified genes may be different from those 
of the insulin/insulin-like growth factor 1 (IGF-1) and dietary restriction pathways. Inhibition of 
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many of these genes also results in increased stress resistance and decreased fecundity, supporting 
the notion that they may mediate the trade-offs between somatic maintenance and reproduction. 
In the second study 2,700 genes essential for C. elegans development were screened and identified 
64 genes that extend lifespan when inactivated during adulthood. Genes that are part of the insulin 
and metabolic pathways, as expected, but also genes involved in protein synthesis and chromatin 
factors came out of this study. 

The two studies identified some common and significant features relevant to the genetics of 
aging. One important finding was the identification of highly conserved genes with orthologs in 
flies, mammals and humans, which are likely to extend lifespan by conserved mechanisms across 
species. Secondly, a number of genes found by both studies showed longer lifespan extension than 
previously identified in the field by RNAi of other genes. Remarkably, the number of positives 
from these screens was much higher than those achieved so far, with the first study identifying 23 
out 57 genes to be long lived while the second identified 64 out of 2700 genes tested. This was 
much higher than the 1-2% hit rate obtained from unbiased genome-wide screens in C. elegans." 
These studies suggest that the key determinants of aging are likely to have antagonistic pleiotropic 
phenotypes. There is evidence that protein synthesis may play a role in contributing to evolution 
of differences in lifespan between species. An inverse correlation across species between rate of 
protein synthesis and longevity has been previously described.*”* Future studies in this area will 
reveal insights into how protein synthesis mediates the intrinsic link between organism develop- 
ment and adult lifespan. 


Dietary Restriction (DR), Protein Synthesis and Antagonistic 


Pleiotropy 

DR hasalso been hypothesized to influence lifespan by antagonistically pleiotropic mechanisms. 
It has been proposed that a shift in metabolic investment away from reproduction and growth 
toward somatic maintenance ensures extended survival under DR.” Trade-offs due to genetic 
changes that influence evolution of species-specific lifespan are important mechanisms invoked 
for understanding the effects of particular genotypes on life history comparisons in metazoans. 
Trade-ofis can also result from fluctuating environments that require a shift in an organism’s physiol- 
ogy to adapt to the environmental change. I postulate that inhibition of protein synthesis plays an 
important role in both genetic and environmental trade-offs. Given the high cost of maintaining 
mRNA translation in a cell, with as high as 35-45%* of genes involved in this process, it is likely 
that under periods of dietary restriction there is a shift of investment from continuing protein 
synthesis for growth to somatic maintenance. 

There are a number of observations that support the idea that a reduction in protein syn- 
thesis plays an important role in extending lifespan upon DR. It was previously believed that 
total caloric intake was the most important aspect of extending lifespan by manipulating diet. 
However a number of studies over the past two decades have demonstrated that restricting 
protein is more important than restricting the total number of calories. Results comparable to 
restricting ad libitum feeding have been demonstrated by restricting intake of a particular amino 
acid, such as methionine or tryptophan**** in rodent studies. Although total body weight was 
reduced in methionine-restricted animals, they actually ate more per unit of body mass than 
the controls.”” These results suggest that a decrease in energy intake or expenditure on a body 
weight basis is not necessary for lifespan extension. In D. melanogaster, restriction of total food 
yields extended lifespan.”"”” Fly media primarily consists of yeast, the major source of protein 
and sugar. It has been shown by a number of groups that reducing yeast alone is also sufficient 
to extend lifespan in flies.?15577 The importance of individual macronutrients was underscored 
by a recent study validating that reduction of yeast and not total calories in the diet extends 
lifespan in D. melanogaster.” 

The TOR pathway, which responds to the presence of amino acids, has been shown to play 
important roles in DR-dependent lifespan extension in D. melanogaster,”' S. cerevisiac”” and 
C. elegans. The effects of TOR in mediating its lifespan extension effects have been suggested 
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to be through inhibiting protein synthesis in D. melanogaster.®' 4EBP (eukaryotic initiation 
factor elF4E binding protein), a translational repressor that acts as a downstream effector of the 
TOR pathway, is a key player in mediating the lifespan extension effects of DR in flies. 4EBP 
is phosphorylated upon insulin stimulation and is also targeted by TOR, to regulate mRNA 
translation and growth.*”*' When inactive, the hypophosphorylated form acts as a translational 
repressor by binding the protein synthesis initiation factor elF4E, thus blocking the activity of 
the elF4F complex. The eukaryotic initiation factor 4F (eIF4F) initiation complex mediates 
growth-dependent protein synthesis.*”** Together the observations that reduction of protein in 
the diet and the role of the amino acid sensing TOR pathway in mediating lifespan extension 
by TOR support the idea that modulation of protein synthesis plays a role in mediating the 
lifespan extension by DR. 


Mechanism of Lifespan Extension by Inhibition of Protein Synthesis 

What are the mechanisms by which inhibiting protein synthesis mediates antagonistic pleio- 
tropic phenotypes? Given that amino acids are building blocks of proteins, it is easy to conceive 
how reduction in protein synthesis slows growth and development but why this would extend 
lifespan is not intuitive. This is also apparently paradoxical if one takes into account that there 
is a global decline in protein synthesis with age. A model depicting how inhibition of protein 
synthesis leads to antagonistic pleiotropic effects on growth and somatic maintenance is shown 
in Figure 1. One possible mechanism for the lifespan extension is that the inhibition in protein 
synthesis enhances lifespan by reducing the burden on the protein homeostatic apparatus." 
The advent of new technologies that can assess the half-life of individual proteins and quantify 
the damage inflicted to individual proteins will be of great use in examining the hypothesis. It 
would also be of great interest to understand if the autophagy machinery plays a role in altering 
protein homeostasis under conditions of low protein synthesis. 

Another important question with regards to the mechanisms of lifespan extension is, whether 
there is simply a global decrease in protein synthesis, or differential translation of particular mRNAs 
despite an overall decrease in mRNA translation. Previous studies have pointed out the importance 
of regulation of mRNA translation especially under environmental stresses and the apparent lack 
of correlation between the transcriptome and proteome.****® A recent study shows that RAS 
and Akt contribute to growth and tumor formation only modestly by transcriptional changes but 
largely by altered recruitment of mRNAs to large polysomes.® This study found that genes that 
regulate growth, transcriptional regulation, cell-to-cell interactions and morphology were mostly 
altered in their mRNA translation state. Selective increase in translation of particular mRNAs 


Wild-type conditions Reduced Protein synthesis 


translation translation 
Normal lifespan Increased lifespan 


Figure 1. A model for how inhibition of protein synthesis leads to antagonistic pleiotropic 
effects on growth and somatic maintenance. Under normal conditions there is higher protein 
synthesis, which leads to increased resources for growth and reproduction. Under conditions 
of reduced protein synthesis there is a shift in the balance leading to an increased investment 
in somatic maintenance and a reduction in growth. 
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under conditions that result in most mRNAs being translationally repressed has been described 
in other systems. Inhibition of e[F4E in mammalian cells has been shown to decrease cell growth 
and protein synthesis but increase the protein levels of HSP 90, HSP 70, HSP 65 and HSP 27. 
"This increase in protein was found to be due to an increased association of the respective mRNAs 
with larger polysomes.”” Furthermore, under well-fed conditions, yeast transcriptional regulator 
GCN4 mRNAs are attached to only a single ribosome. Upon starvation, its mRNAs are found 
associated with polysomes due to an increased rate of translation initiation.* While the global 
rate of protein synthesis decreases under these conditions, production of GCN4 protein increases 
as suggested by the increase in ribosomal loading for GCN4-specific mRNA, driven by short 
upstream open reading frames in the 5”UTR of the gene.® A recent study has shown that GCN4 
is important for mediating changes in lifespan in Saccharomyces cerevisiae. The transcriptional 
regulator GCN4 has been shown to be translationally upregulated and contributes to increased 
lifespan when overall mRNA translation is reduced via inhibition of 60S ribosomal subunit expres- 
sion.* In order to investigate regulation of mRNA translation, a method to study genome-wide 
mRNA translation state has been previously established.“ This translational profiling method 
assesses the mRNA translation state based on the separation of mRNAs bound to varying num- 
ber of polysomes via density gradient centrifugation. This method is likely to prove very useful 
in identifying translational changes in gene expression which will help reveal new insights into 
how mRNA translation regulation plays a role in mediating the antagonistic pleiotropic effects 
of inhibiting protein synthesis. 


Conclusion 

In summary, the effects of inhibition of protein synthesis in different model systems, provides 
a novel paradigm to explore the mechanisms of antagonistic pleiotropy. The advent of new tech- 
nologies to examine mRNA translation state, protein turnover and de novo protein synthesis are 
likely to play a critical role in understanding the mechanisms of phenotypic changes upon inhibi- 
tion of protein synthesis. Given the high degree of genetic homology between cellular processes, 
especially mRNA translation regulation, in humans and model systems like worms, flies and yeast 
and given the importance of protein translation in human disease, this area is likely to be of extreme 
significance for understanding various age-related human diseases. 
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CHAPTER 4 


Proteasome Function Determines 
Cellular Homeostasis and the Rate 


of Aging 


Niki Chondrogianni and Efstathios S. Gonos* 


Abstract 

omeostasis is a key feature of cellular lifespan. Maintenance of cellular homeostasis 

influences the rate of aging and its efficiency is determined by the cooperation between 

protein stability and resistance to stress, protein refolding, protein repair and proteolysis 
of damaged proteins. Protein degradation is predominately catalyzed by the proteasome which is 
responsible for cell clearance of abnormal, denatured or in general damaged proteins as well as for 
the regulated degradation of short-lived proteins. Impaired proteasome function has been tightly 
correlated to aging both in vivo and in vitro and thus, emphasis has been given recently in identify- 
ing ways ofits activation. A number of studies have shown that the proteasome can be activated by 
genetic manipulations as well as by factors that affect either its conformation and stability or the 
expression of its subunits and the rate of proteasome assembly. This “readjustment” has been shown 
to have a great impact on retention of cellular homeostasis since it promotes lifespan extension. 
This chapter focuses on protein homeostasis and its direct link to proteasome function, dysfunction 
and manipulation and provides insights regarding the activation of proteasome-mediated protein 
degradation that, in turn, ensures health maintenance. 


Protein Homeostasis and Aging: Which Are the Key Players? 

Maintenance of cellular homeostasis is a basic feature that determines organismal lifespan. 
Cellular homeostasis is affected by several intracellular functions since there are different pathways 
that need to be properly protected and maintained in order to assure organismal homeostasis. 
Protein homeostasis is one of the major nodal points that need to be preserved in order to retain 
homeostatic balance. Efficient protein maintenance that is determined by protein stability and 
resistance to stress per se is accompanied by potential protein repair but also by efficient protein 
degradation, processes that in turn influence organismal homeostasis and lifespan. 

Proteome homeostasis is characterized by “preventing” as well as by “repairing” steps. Preventing 
functions that contribute to protein homeostasis include resistance of proteins per se to oxidative 
and other cytotoxic damage(s). Several studies have revealed the central role of protein stability and 
resistance to oxidative stress as determinants of longevity. These studies have revealed the central 
role of the cellular antioxidant mechanisms to the ameliorated survival and extended lifespan, 
depending on the model used? and their positive correlation to maximum lifespan potential.” 
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More recently, studies in long-lived species have further revealed the role of the “preventing” 
step of protein homeostasis in extended lifespan. More precisely, Chaudhuri and colleagues have 
examined the possible causes of extended lifespan in the longest-living rodent, the naked mole-rat* 
as wellas in long-lived bats.’ Specifically, two species of long-lived bats exhibit enhanced resistance 
to protein oxidation and increased resistance of their proteins to unfolding per se. Moreover, these 
levels of protein self-protection seem to be adequate for the recorded extended lifespan of these 
species since, surprisingly, they do not possess any other enhanced protective systems, like for in- 
stance increased protein removal. In contrast, the naked mole-rats display enhanced resistance to 
oxidative stress with concominant ability of the native proteins to resist against in vitro unfolding. 
Moreover these animals are characterized with attenuated age-related changes in cystein oxidation 
and in general a tightly modulated protein-redox state, systems that may also contribute to their 
exceptional longevity.’ 

Given that the proteome of most species has not yet shown to be equipped with the above 
“preventing” characteristics, the “repairing” steps against oxidative stress are of equal or even 
higher importance. Therefore, when protein damage occurs, the homeostatic mechanisms are 
activated to refold the protein, to repair the protein damage (when it is possible) or to degrade 
the damaged molecules in order to prevent their accumulation and aggregation inside the cell. 
Three “cellular players” are involved: the chaperones, the protein repair enzymes that reverse 
some of the protein oxidative damage and the cell clearance arsenal that includes the systems 
that are involved in the removal of damaged proteins. Regarding the chaperones, their role in 
aging is well established as they constitute the intermediate point of protein rescue if, at all, pos- 
sible.‘ Depending on the amino acids that are subjected to oxidation/damage, there are also few 
protein repair enzymes; the glutaredoxin/glutathione/glutathione reductase, the thioredoxin/ 
thioredoxin reductase and the methionine sulfoxide reductases are the best characterized systems. 
These enzymes can reduce catalytically the oxidation of sulfur-containing amino acids, cysteine 
and methionine that have been shown to be the most susceptible to oxidation.” Among these few 
protein repair enzymes, MsrA and MsrB enzymes have been shown to play a major role in protein 
homeostasis during aging. Their role has been largely addressed once they were overexpressed, 
leading to extended lifespan and better coping against oxidative challenges.* In support, Friguet 
and colleagues have also shown that replicative senescence of human fibroblasts is accompanied 
with their reduced expression and function.'? However, despite the high importance of the above 
mentioned repairing enzymes, the major “repairing” system against protein damage is protein 
degradation. Protein degradation can be mediated by lysosomes," proteasomes” and the Lon 
protease in mitochondria.!’ Although all three proteolytic machineries are highly important, 
the proteasome represent the basic cellular machinery governing regulated proteolysis of both 
normal and abnormal proteins. 


An Introduction to the Proteasome Biology 

Controlled protein degradation is predominately catalyzed by the proteasome. The proteasome 
is responsible for cell clearance of abnormal, denatured or in general damaged proteins as well as 
for the regulated degradation of short-lived proteins.'*"* The proteolytic core, the 20S proteasome 
isa 700 kDa multisubunit enzyme complex composed by 7 different a- and 7 different B-subunits 
arranged as a barrel-shape stack of four heptameric rings localized in both cytoplasm and nucleus. 
"The two outer O-subunits rings (0,7) embrace two central head-to-head oriented rings containing 
B-subunits (B, +). The proteolytic active sites are hosted in the internal chamber that is composed 
by $-subunits. Three of the B-subunits, bı, B, and Ps, are responsible for the proteasome hydro- 
lyzing activities that cleave peptide bonds on the carboxyl site of acidic (peptidylglutamylpeptide 
hydrolyzing activity, PGPH), basic (trypsin-like activity, T-L) and hydrophobic (chymotrypsin-like 
activity, CT-L) amino acids respectively (Fig. 1).” 

Once the 20S particle is capped by 19S regulatory complexes, the 26S proteasome is as- 
sembled which is central for the ATP/ubiquitin-dependent protein degradation. The 19S 
particle is composed by two subcomplexes, namely the lid and the base (Fig. 1). The lid covers 
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Figure 1. Schematic representation of the 20S proteasome and the 19S regulatory particle. 


the base and it is involved in the substrate uptake and deubiquitination. The base is consisted of 
six ATPase subunits as well as four non-ATPase subunits involved in the recognition, unfold- 
ing and further translocation of the substrate.’ The target protein is firstly labeled via covalent 
attachment of multiple ubiquitin molecules before the degradation by the 26S complex. Three 
steps are involved in the conjugation of ubiquitin to the substrate. Ubiquitin is activated by E1, 
the ubiquitin-activating enzyme, then transferred by an E2 enzyme, the ubiquitin-carrier protein 
or ubiquitin-conjugating enzyme, to a member of the ubiquitin-protein ligase family, E3, to 
which the target protein is specifically bound. This enzyme catalyzes the repeated conjugation 
of ubiquitin to the substrate prior of the 26S complex-mediated degradation. '4 

Proteasome has also been implicated in antigen presentation process and immune response, 
mainly through immunoproteasomes. In this proteasome type, the constitutively expressed 8, B; 
and £5 subunits are substituted during de novo proteasome biosynthesis by Bı, Bx; and Bs, subunits 
respectively. Asa result, although these particles digest proteins at rates similar to those for constitu- 
tive proteasomes, they generate a higher fraction of peptides with the appropriate C-termini and 
length to serve in antigen presentation. In immunoproteasomes, PA28/118 activator can replace 
the 19S complex."* Finally additional tissues may also have their own type of proteasomes as it was 
shown for cortical thymic epithelial cells where the Bs, subunit is substituted by B.,..!7 

Proteasome biogenesis is an accurately ordered multistep event. It is initiated with the biosyn- 
thesis of a- and f-subunits, followed by the organization of a-subunits in seven-member rings 
under the supervision and assistance of proteasome assembling chaperones, 1, 2 and 3 (PAC1-3).'8 
Then the precursor Ş-subunits assemble” and associate with UMP1/POMP accessory protein 
that, in conjunction to the a-subunits rings, give rise to half proteasomes. Upon dimerization 
of two half proteasome precursors, the preholeoproteasome is produced that is then activated 
through the cleavage of the precursor and still inactive B-subunits, thus giving rise to the mature 
20S proteasomes.”° 
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Proteasome during Aging 

Aging is a natural biological process that involves the gradual decline of a variety of physi- 
ological functions and the eventual failure of homeostasis. Mammalian aging can be studied 
in vitro as mitotic cells loose their proliferative capacity following serial passaging, a process 
termed as replicative senescence.”! Senescent cells are characterized by several morphological 
and biochemical alterations when compared with their young counterparts, including changes 
in proteasome function. Specifically, a number of studies have shown an ~50% decline of pro- 
teasomal activities in several aged tissues in humans (muscle, lens, lymphocytes and epidermis) 
as well as in other mammals such as mice, rats and bovines (liver, spinal cord, lens, heart and 
retina).” A similar decline of proteasome activities has also been revealed in human primary 
cultures undergoing replicative senescence,” whereas, in support, proteasome inhibition in 
young cells induces premature senescence.” Earlier work has attributed the observed decrease of 
proteasome function to the accumulation of damaged proteins, such as lipofuscin, during aging 
and senescence.” To understand the molecular basis of these findings, work in our laboratory 
has determined that the decreased function of proteasome in senescence is, in addition to the 
accumulation of damaged proteins, primarily due to the reduced rates of proteasome biosyn- 
thesis and assembly. Moreover, we have determined that replicative senescence is accompanied 
with reduced levels of the B-type subunits, thus acting as the “rate-limiting” subunits for ef- 
ficient proteasome assembly.”” Immunoproteasomes have also been investigated during aging. 
Ponnappan and coworkers” have recently reported lower expression of a- and B-type proteasome 
subunits in T-cells derived from old donors, while we have reported the inability of senescent 
human fibroblasts to induce proteasome immunosubunits following interferon-y treatment as 
opposed to their young counterparts.” Interestingly, in tissues irrelevant to the immune system, 
like the muscle, an age-related up-regulation of immunoproteasomes in parallel to the decreased 
amount of constitutive proteasomes has been demonstrated, thereby implying for a potential 
compensatory mechanism which may result in an overall proteasome function fine-tuning.”® 
Additional work in 19S complex has identified several subunits to be down-regulated during 
replicative senescence, 752? om unpublished daa Whereas a lower ability of proteasome activators to as- 
semble with 20S complex in aged rat muscle has also been reported.?559 In support, studies in 
lower eukaryotes like Drosophila melanogaster have shown that aging also perturbs 26S protea- 
some assembly,*' whereas more recently Miura and colleagues have provided genetic evidence in 
Drosophila melanogaster that links age-dependent attenuation of the 26S proteasome function 
and assembly with the aging process.” Finally, aging has been also shown to have profound 
effects in the whole axis of ubiquitin/proteasome. Some of the compounds of this machinery, 
e.g., El and several E2 enzymes, like E29, and E2,5,, have been correlated to aging and oxidative 
stress in lens. Specifically, Shang et al” have found increased ubiquitination activities following 
oxidative stress without any change, however, of the mentioned E2 protein expression levels. 
The same work highlights that lens have the ability to increase ubiquitin conjugation activity 
in response to oxidative stress and this ability is attenuated upon aging. Recently, components 
of the Skp1-Cull-F-Box E3 ligase complex have been identified to regulate the lifespan of 
Caenorhabditis. elegans.** In complementary studies, worms lacking AIP-1, the homologue of 
mammalian AIRAP (arsenic-inducible proteasomal 19S regulatory particle-associated protein), 
were not only impaired in their ability to resist exposure to arsenite but also exhibited shortened 
lifespan and hypersensitivity to misfolding-prone proteins under normal laboratory conditions.» 
In contrast, the overexpression of this regulator protected animals against Ağ toxicity.”” Apart 
from the above mentioned studies that show mainly alterations in the proteasome content or 
in the assembly of the 26S complex during aging, several studies have also demonstrated protea- 
some inactivation through modification of proteasome subunits and inhibition of its function 
through endogenously heavily modified and cross-linked proteins that practically block the 
proteasome.” In summary, these data strongly suggest that aging has profound effects on pro- 
teasome biosynthesis, assembly and function and moreover, that the progression of the process 
is highly affected or even accelerated by proteasome dysfunction. 
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Proteasome Activation: Is There a Way to Restore Proteasome Function? 

Proteasome can be activated by several regulators, such as the 19S and 11S complexes, for per- 
forming its ordinary functions as described previously.'*! However, over the last years it became 
evident that proteasome, in addition to its known regulators, can also be activated by genetic or 
other means. This activation is mediated either through conformational changes of the structure 
of the proteasome or through increased expression of the proteasome subunits and regulators and 
the downstream enhanced assembly of the complex. 


Genetic Activation of the Proteasome 

Goldberg and covvorkers” were the first to demonstrate the enhancement of CT-L and T-L 
proteasome activities following B5i transfection in lymphoblasts and HeLa cells. The same group 
in a follow-up study has shown a similar stimulation of T-L and PGPH activities following B1i 
and ñ1 subunit overexpression in HeLa cells.** We have also overexpressed the B5 subunit stably in 
W138/T and HL60 cells.” We found that transfection of the B5 subunit resulted to upregulation of 
other [B-type subunits, thus implying for acommon regulatory loop that is still under investigation 
and to the recruitment of “free” a-type subunits that are normally found in excess to produce new 
and functional proteasomes. This was evident as the developed “proteasome activated cell lines” 
exhibited increased rates of proteolysis as well as enhanced resistance against various oxidative chal- 
lenges. Importantly, a similar 85 subunit overexpression in primary human embryonic fibroblasts 
(IMR90 cells) resulted in the extension of lifespan by ~15-20% with the parallel maintenance of 
the young phenotype for longer periods.” The observed coregulation of B-type subunits has also 
been confirmed in other cell types, such as the lens epithelial cells* or the murine neuroblastoma 
cells,*! following overexpression of the B5 subunit. Moreover, it was recently shown that restoration 
of the normal level of proteasome subunits in aged human fibroblasts reduces the levels of various 
aging biomarkers,” thereby confirming our assumption regarding the vital association between 
optimal proteasome function and retention of cellular homeostasis. Additionally, we have achieved 
proteasomal upregulation via overexpression of hUMP1/POMP protein.” hUMP1/POMP stable 
clones exhibited increased rates of proteasome assembly and function as assayed by their enhanced 
recovery ability following administration of oxidative stressors. In support, Keller and colleagues 
have shown that UMP1 overexpression in yeast enhances viability during oxidative stress mainly 
through the enhanced preservation of proteasome-mediated protein degradation which, in turn, 
extends lifespan.** Moreover, silencing of UMP1 by RNA interference has been shown to induce 
proteasome inhibition in yeast that eventually promotes a robust increase of protein oxidation that 
results to autophagic death, whereas, deletion of UMP1 has a neutral effect on cellular viability 
under normal growth conditions, but impairs the ability of yeast cells to survive under stationary 
phase conditions.” Finally, more recently, Miura and colleagues suggested that improving the 
amount and/or activity of the 26S proteasome by overexpressing a lid subunit such as Rpn11, 
could provide an extension to the mean lifespan and suppress the age-related progression of neu- 
rodegenerative diseases.? In total, these data reveal that the proteasome system (20S and 26S) can 
be genetically modulated and have great impact on the progression of aging and longevity. 


Proteasome Activation by Natural or Chemical Compounds 

Structural alterations of proteasome subunits have been shown to affect proteasome activity 
through changes of the 20S barrel conformation. Initially, SDS and some fatty acids have been 
shown to stimulate proteasome activities in the test tube,” whereas potassium chloride has a 
negative effect by favoring the open or the closed conformation of the proteasome, respectively. 
Proteasome-activating hydrophobic peptides have been shown to be bound as modifiers at non- 
catalytic sites, thus mimicking the effect of 11S complex by opening the a-gated pore.” On the 
basis of these studies, we have recently isolated oleuropein, the most abundant of the phenolic 
compounds in Olea europaea leaf extract, olive oil and olives® and we have demonstrated that it has 
a stimulatory impact on proteasome activities in vitro.?! The increased activities promote cellular 
resistance to oxidants and confer extension of human fibroblasts lifespan.>' Oleuropein most likely 
acts through structural changes of the 20S a-gated channels conformation in a similar manner to 
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Figure 2. Protein maintenance determines cellular homeostasis. Protein homeostasis plays 
a central role in order to retain cellular homeostatic balance and can be preserved due to 
protein stability per se as well as to resistance to stress (A). Upon protein damage through 
the action of ROS or other cytotoxic insults, efficient protein maintenance is determined by 
chaperones that may refold the unfolded proteins or by protein repair enzymes that restore 
damage through specific enzymatic reactions (B). Finally, if the above mentioned mechanisms 
are not efficient in converting a damaged protein into its native form, protein degradation oc- 
curs (C). The equilibrium between these mechanisms may promote longevity and reduction 
of the rate of aging; in contrast dysfunction of this balance confers the opposite results. 


SDS, albeit its effects are considerably stronger. A similar stimulatory effect on proteasomes has 
been observed by an algae extract of human keratinocytes, as it provides protection from UVA 
and UVB irradiation.” 

Proteasome activation has also been achieved following treatment with various antioxidants. 
Specifically, Kensler and coworkers have shown natural antioxidants, such as dithiolethione and 
sulforafane, to enhance mammalian proteasome expression through the Keap1-Nrf2 signaling 
pathway, resulting to increased protection against various oxidants**™ and lately against AB 
cytotoxicity. Nrf2 is a key molecule involved in cellular protection against chemically induced 
oxidative stress, since it is a central transcription factor of Phase 2 detoxifying enzymes and an- 
tioxidative genes.”” Nevertheless, the correlation between aging and Nrf2 pathway is still under 
investigation. For example, Nrf2 knock out mice were not identified to exhibit further alterations 
of lifespan following caloric restriction.” In contrast we have shown that treatment with a Nrf2 
inducer results to enhance cell survival following oxidative stress while continuous treatment leads 
to lifespan extension in human fibroblasts. These positive results have been shown to be linked 
with proteasome activation. 


In Vivo Evidence of Proteasome Activation 
"The previously reported studies establish the beneficial effects of proteasome activation in 
various in vitro systems. To test the in vivo relevance of these findings, we have determined 
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proteasome biosynthesis and function in cultures derived from skin fibroblasts biopsies of 
several healthy donors of various ages including healthy centenarians. Although we observed 
a proteasome function decline with the age of the donors, importantly, we found that healthy 
centenarians exhibit a more functional proteasome when compared with the elderly donors.” We 
hypothesize that their functional proteasome provides enhanced rates of proteolysis of damaged 
proteins, thus indirectly contributing to their longevity. In support various studies have shown 
that in caloric restricted animals the proteasome function is maintained or even enhanced, thus 
possibly contributing to the observed extended lifespan of these animals. “05152 


Conclusion 

It is clear that cellular and organismal homeostasis is highly related to protein homeostasis which 
is affected by multiple molecular and biochemical pathways as mentioned above (Fig. 2). Although 
the direct interactions and cross-talks between all those pathways are not yet fully elucidated, it is 
obvious that “recalibration” of one of them triggers a wave of readjustments of the whole system 
that eventually lead to better survival, maintenance and longevity. This intra-molecular connec- 
tion gives important value to the system of protein homeostasis and opens new dimensions for 
future therapeutic interventions, not only regarding aging and age-related diseases but also in many 
pathological conditions that are related to proteotoxicity. The elucidation of the unknown links 
between different pathways like protein stability, refolding, repair and degradation will constitute 
the new “holy grail” in designing strategies for promotion of cellular health maintenance. 
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CHAPTER 5 


Autophagy and Longevity: 
Lessons from C. elegans 


Kailiang Jia* and Beth Levine* 


Abstract 

ging is a process in which individuals undergo an exponential decline in vitality, lead- 
A: to death. In the last two decades, the study of the molecular regulation of aging in 

model organisms, particularly in C. elegans, has greatly expanded our knowledge of aging. 
Multiple longevity pathways, such as insulin-like growth factor signaling, TOR signaling, dietary 
restriction and mitochondrial activity, control aging in C. elegans. Recent genetic studies indicate 
that autophagy, an evolutionary conserved lysosomal degradation pathway, interacts with various 
longevity signals in the regulation of C. elegans life span. Here, we review the current progress in 
understanding the role of autophagy in the regulation of C. elegans life span. 


Introduction 

Biogerontologists have long argued that the aging process is under genetic control. A major 
aim of aging research is to identify longevity-determining genes and their functions. Studies 
in model organisms such as C. elegans have provided significant insight into the molecular 
mechanisms underlying aging. 

C. elegans is a free-living soil nematode. In abundant food, the postembryonic development 
of C. elegans consists of four larval stages (L1-L4) and the adult (Fig. 1). The mean adult life 
span is about two weeks. However, if food is scarce and the animals are overcrowded (the popu- 
lation density is measured by the constitutively secreted pheromone), the animals will enter a 
specialized third larval stage called the dauer larva (Fig. 1). The dauer larva is a developmentally 
arrested dispersal stage that can live up to six months. Aging seems to be suspended in dauer 
larvae." Indeed, four daf (dauer formation) genes, daf-2, age-1, daf-16 and daf-18, have been 
shown to regulate adult life span. daf-2 and age-1 mutants form dauer larva constitutively. 
However, if these mutants are grown at low temperature, they do not form dauer larvae, but 
grow to adults with extended life spans.“ It has been proposed that a specific life span exten- 
sion program is activated in dauer larvae and this program is inappropriately activated in daf-2 
and age-I adults 

C. elegans is well suited to aging studies; it has a rapid life cycle and a short life span and is 
amenable to genetic analysis. Like higher eukaryotic organisms, C. elegans goes through a visible 
aging process.” In addition, a variety of cellular and developmental processes in higher organisms, 
including mammals, have been elucidated through studies of similar processes in C. elegans. Thus, 
findings in C. elegans are often applicable to more complex animals. Furthermore, the technique 
of RNAi, coupled with the availability of the complete genomic sequence of C. elegans has made 
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Figure 1. The life cycle of C. elegans. C. elegans has two alternative developmental pathways 
that are determined by at least three environmental conditions: food supply, temperature and 
the constitutively secreted dauer-inducing pheromone. The pheromone level is an indicator 
of the population density. Under favorable growth conditions (abundant food and/or low 
pheromone level), development proceeds continuously through four larval stages (L1, L2, L3 
and L4) to the adult. However, if food is scarce and/or the pheromone level is high prior to 
the L1 stage, development will lead to the predauer (L2d) stage. The L2d will enter the dauer 
stage if environmental conditions remain adverse; otherwise it will switch to continuous de- 
velopment to the adult. When environmental conditions improve, the dauer larva can resume 
development, molt to the L4 and grow to the adult. 


it easy to study gene function at a global level. In the last two decades, C. elegans model systems 
have led the way in the elucidation of molecular mechanisms in life span regulation. 

In this chapter, we will first review genetic pathways regulating C. elegans life span including 
the DAF-2 insulin-like signaling pathway, dietary restriction and mitochondrial factors (Fig. 2). 
Then we will briefly review the process of autophagy (Fig. 3) and discuss its interaction with lon- 
gevity pathways in C. elegans (Fig. 2, Table 1). Quite strikingly, this protein degradation pathway 


is emerging as a central mediator of life span extension. 


DAF-2 Insulin/IGF-1-Like Signaling 

Mutations in single genes, daf-2’ and age-1,** significantly extend the life span of nematodes. 
daf-2 encodes an insulin receptor-like tyrosine kinase and age-1 encodes a homologue of the 
catalytic subunit of phosphatidylinositol 3-kinase (PI3K).’ PI3K acts downstream of dimeric 
growth factor receptor tyrosine kinases, including the insulin receptor family.” DAF-16 is a major 
target of DAF-2/AGE-1 signaling and daf 16 activity is required for the enhanced longevity 
of daf-2 and age-I mutants. daf- 16 encodes a FOXO (forkhead box O) transcription factor.” 
Upon stimulation by insulin-like peptide, the DAF-2 receptor kinase activates PI3K that in 
turn activates the serine-threonine kinase Akt. The activated Akt kinase phosphorylates. The 
DAF-16/FOXO transcription factor, which results in the export of DAF-16 from the nucleus 
to the cytoplasm.'! However, in the absence of DAF-2 ligand, dephosphorylated DAF-16 enters 
the nucleus and turns on the transcription of a spectrum of genes required for longevity such 
as antioxidant genes and heat shock resistance genes.'* Thus, DAF-2 and AGE-1 are major 
signaling molecules and DAF-16 is a major transcription factor that function in the control 


of aging (Fig. 2). 
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Figure 2. Model depicting potential interrelationships between autophagy and longevity pathways 
in C. elegans based on studies in C. elegans and other organisms. Proposed wild-type functions 
are shown, with arrows indicating stimulation of activities and T-bars indicating inhibition, but the 
steps do not indicate direct protein interactions. Dashed arrows signify that the proposed interac- 
tion has not been determined in C. elegans but has been found in other organisms. This model 
focuses on three longevity pathways: the daf-2 insulin-like signaling pathway, dietary restriction and 
mitochondrial activity. Daf-2 signaling negatively regulates the DAF-16 Foxo transcription factor, 
a key player in life span regulation. The phosphorylation by AKT kinase of DAF-16 prevents its 
nuclear localization and transcriptional activation of genes required for longevity. In contrast, the 
phosphorylation of DAF-16 by JNK kinase promotes its nuclear localization. Sir2.1 can enter the 
nucleus and form a complex with DAF-16 to turn on gene transcription. TAX-6 acts downstream 
of DAF-2 and is partially dependent on DAF-16 to control life span. Dietary restriction is another 
conserved life span extension mechanism and functions through at least three pathways, AMPK, 
TOR and PHA-4, depending on the dietary restriction method applied to worms. AMPK activity 
is also influenced by DAF-2 signaling. When AMPK functions downstream of DAF-2, it controls 
life span independently of DAF-16 whereas DAF-16 is required for AMPK to regulate life span 
under certain dietary restriction protocols. The third group of longevity mutants increases C. 
elegans life span in a DAF-16 independent manner by reducing mitochondrial activity. Notably, 
all these longevity pathways regulate autophagy, directly or indirectly. Downstream of daf-2 
signalling, DAF-16 stimulates autophagy whereas TAX-6 inhibits autophagy. DAF-2 signalling 
may also inhibit autophagy through an unknown protein(s) independently of DAF-16. Besides 
interacting with DAF-16, Sir2.1 directly interacts with the autophagy proteins and deacetylates 
them to induce autophagy in mammalian cells. JNK kinase may stimulate autophagy through 
DAF-16. In addition, JNK induces autophagy in starvation conditions in mammalian cells by 
regulating the interaction of Beclin 1 and Bcl-2 (mammalian orthologs of BEC-1 and CED-9, 
respectively). Under dietary restriction, TOR is inhibited and autophagy is upregulated. Dietary 
restriction also induces autophagy through the PHA-4 transcription factor and AMPK. Free reac- 
tive oxygen species produced by mitochondria can induce autophagy and presumably promote 
the autophagic clearance of damaged mitochondria. Taken together, current studies of various 
longevity pathways place autophagy at a central position in the regulation of C. elegans life span. 
It has been shown that autophagy is required for life span extension conferred by reduction of 
daf-2 signaling and TOR signaling, dietary restriction, decreased TAX-6 activity and reduced 
mitochondrial activity. Further studies are required to evaluate the role of autophagy induction 
in JNK, AMPK, Sir2.1 and PHA-4 regulation of C. elegans life span. 
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Table 1. Role of autophagy genes in life span extension in long-lived mutant C. elegans 


C. elegans 
Longevity 
Mutation Life Span Effect Autophagy Gene(s) References 
daf-2 Increase (loss-of-function) Required: bec-1, atg-7, Melendez et al, 2003 
Igg-1, atg-12, atg-18, vps-34 Hars et al, 2007 
Hansen, et al, 2008 
Toth et al, 2008 
eat-2 Increase (loss-of-function) Required: unc-51, bec-1, Jia and Levine, 2007 
atg-7, vps-34 Hansen et al, 2008 
Toth et al, 2008 
TOR Increase (loss-of-function) Required: unc-51, bec-1, Hansen et al, 2008 
atg-18 Toth et al, 2008 
atp-3 Increase (loss-of-function) Required: unc-51, atg-18 Toth et al, 2008 
clk-1 Increase (loss-of-function) Required: unc-51, atg-18 Toth et al, 2008 
Not required: bec-1 Hansen et al, 2008 
isp-1 Increase (loss-of-function) | Not required: bec-1 Hansen et al, 2008 
tax-6 Increase (loss-of-function) | Required bec-1, atg-7 Dwivedi et al, 2009 
sir2.1 Increase (overexpression) ot determined 
JNK Increase (overexpression) Not determined 
AMPK Increase (overexpression) ot determined 


The activated PI3K converts the plasma membrane lipid phosphatidylinositol-4,5-bispho- 
sphate (PIP2) to phosphatidylinositol-3,4,5-trisphosphate (PIP3). PIP3 can bind to various 
signaling proteins including Akt and activate them” and PI3K signaling is terminated by the 
degradation of PIP3. The phosphatase PTEN (Phosphatase and Tensin homolog deleted 
on chromosome TEN) dephosphorylates the 3 position of PIP3 to produce P1P2. daf-18 
encodes a C. elegans homolog of PTEN that opposes the activity of AGE-1 (Fig. 2).13:'15 In 
fact, the pathway from the insulin-like receptor tyrosine kinase to the FOXO transcription 
factor is conserved from C. elegans to mammals.'*!> Interestingly, longevity resulting from 
reduced insulin-like signaling is observed in a variety of species, ranging from C. elegans, to 
Drosophila and mice.’ 7 

The nuclear localization of DAF-16 is also regulated by other kinases. For example, JNK-1 
(c-Jun N-terminal kinase), a member of the MAPK superfamily, phosphorylates DAF-16 
and promotes the translocation of DAF-16 into the nucleus.'* As expected, overexpres- 
sion of JNK-1 results in DAF-16-dependent life span extension.’* In mammals, the FOXO 
transcription factor is deacetylated by sirtuin, an NAD-dependent protein deacetylase.1”?0 
DAF-16 may be also deacetylated by sirtuin although biochemical evidence for this is lack- 
ing. Interestingly, overexpression of the C. elegans sirtuin, SIR-2.1, increases the life span 
of wild type worms in a DAF-16-dependent manner, suggesting that sirtuin may modify 
DAF- 16 activity.”! In addition to being post-translationally modified, DAF-16 interacts with 
several different transcription factors to control the expression of genes that extend life span 
by promoting stress resistance.” As a central regulator of life span downstream of DAF-2 
signaling, the identification of additional DAF-16 target genes and regulators of DAF-16 
function will further our understanding of how insulin-like signaling controls life span in C. 
elegans and other organisms. 
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Dietary Restriction 

Ofall the known longevity pathways, dietary restriction (DR) is the only intervention con- 
clusively and reproducibly shown to slow aging and maintain health and vitality in metazoans. 
DR has been shown to extend life span in C. elegans and several other organisms, including 
yeasts, Drosophila and mammals (including primates).1222-24 Two methods are widely used to 
apply dietary restriction to C. elegans.” One method is to feed worms with diluted bacteria”® 
(different dilution protocols have been developed.””). Worms show a parabolic response to dif- 
ferent dilutions of bacteria and maximum life span extension is reached at specific dilutions.” 
Dietary restriction is also achieved by using a genetic mutant called eat-2."* Eat-2 mutants 
have defects in pharyngeal muscle function leading to insufficient food intake and a starvation 
phenotype. The eat-2 mutation prolongs life span, presumably by restricting the food intake 
of the worm.”® 

The molecular mechanisms mediating dietary restriction have been studied in yeast,” C. 
elegans and Drosophila.* In C. elegans, they involve the DAF-2/insulin-like growth factor 
pathway, the TOR (Target of Rapamycin) pathway and other proteins such as sirtuins and the 
transcription factor PHA-4.? However, none of these mechanisms is the master regulator of 
dietary restriction. They are required to extend life span by dietary restriction only under very 
specific conditions. The complexity of these effects may be partly due to lack of a consistent 
methodology to apply dietary restriction to C. elegans.” 


Mitochondrial Activity 

All organisms live in an environment that contains free radicals (ROS: reactive oxygen 
species) because mitochondrial respiration constantly generates ROS by leaking intermediates 
from the electron transport chain. The free radical theory postulates that free radicals cause 
the accumulation of oxidant-damaged molecules and organelles that result in senescence.*! 
Consistent with this theory, C. elegans mitochondrial mutations either extend or decrease life 
span depending on their effects on mitochondrial activity 

isp-1 encodes the C. elegans iron sulfur protein of mitochondrial complex III. A mutation in 
this gene results in a decrease of oxygen consumption, insensitivity to ROS and extension of life 
span.” Mutations in the C. elegans coenzyme Q biosynthetic gene c/k-J also cause an increase in 
life span.” Coenzyme Q is an essential component of the electron transport chain of mitochon- 
dria and is required to biosynthesize ubiquinone Q. c/k-J mutants accumulate high levels of the 
precursor, demethoxy ubiquinone (DMQ).** The increased life span of c/k-1 mutants may result 
from the decrease of ROS due to the presence of DMQ. By contrast, mutations in a subunit of 
the enzyme succinate dehydrogenase cytochrome b (mev-1) cause oxidative stress and short life 
spans.** Interestingly, the treatment of C. elegans with free radical detoxifying mimetics results 
in a 44% increase in life spans of wild type animals.” In addition, these compounds rescue the 
life span defect of the mev-J mutants.” 

Consistent with studies of these mitochondrial mutants, a group of mitochondrial genes 
has been identified in systematic RNA interference (RNAi) screens of C. elegans genes involved 
in life span regulation.***’ RNAi-induced mitochondrial defects result in increased life span 
and decreased production of ATP.***” The long-lived worms become more resistant to hy- 
drogen peroxide and heat shock treatment. However, the extended life span of worms with 
defective mitochrondria cannot simply be assigned to lower free radical production because 
some of them show a heightened sensitivity to the superoxide-inducing agent paraquat.” This 
conclusion is supported by a recent study in which overexpression of the antioxidant enzyme 
superoxide dismutase (SOD-1) extends the life span of worms but increases their sensitivity 
to paraquat.“” Thus, the superoxide radical appears not to be a major determinant of aging in 
C. elegans. Therefore, although mitochondria clearly play an important role in regulation of 
C. elegans life span, the exact mechanisms by which mitochondrial mutations extend life span 
warrant further investigation. 
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Autophagy 

In recent years, increasing evidence has emerged that the cellular pathway of autophagy may bea 
central regulator of life span that is required for the effects of DAF-2 insulin/IGF-1-like signaling, 
dietary restriction and some mitochondrial mutations (e.g., ATP-synthase-3 RNAi inactivation) on 
nematode longevity. The autophagy pathway has been extensively reviewed in numerous excellent 
recent reviews.*!? In this section, we will provide a brief overview of autophagy as background for 
understanding the potential role(s) of autophagy in anti-aging pathways (Fig. 3). 

Autophagy (derived from the Greek meaning “to eat oneself”) is an evolutionary conserved 
lysosomal degradation pathway. It is present in all eukaryotic cells and conserved from yeast to 
humans.“ There are three types of autophagy, macroautophagy, microautophagy and chaper- 
one-mediated autophagy (CMA). Macroautophagy is a dynamic process involving the rearrange- 
ment of subcellular membranes to sequester cytoplasm and organelles for delivery to the lysosome 
or vacuole, where the sequestered cargo is degraded and recycled. By contrast, microphagy is a 
direct engulfment of cellular components by invagination of the lysosomal membrane. Unlike 
macroautophagy and microautophagy that involve the rearrangement of subcellular membranes, 
CMA is used specifically to degrade cytosolic proteins that bear a particular pentapeptide consensus 
motif and are directly targeted to the lysosome.* A cytosolic chaperone protein recognizes and 
binds these proteins to form a substrate—chaperone complex that is delivered to the lysosome 
through the lysosome-associated membrane protein (LAMP) Type 2A, a lysosomal membrane 
receptor for the CMA pathway.“ Of note, macroautophagy is the only known cellular pathway for 
removing mitochondria and other organelles and is a major cellular pathway for the degradation 
of long-lived and aggregate-prone proteins. Furthermore, genetic studies of tissue-specific dele- 
tion of macroautophagy genes in mice reveals a critical role for this pathway in vivo in protein and 
organelle quality control, cellular and tissue homeostasis and the prevention of the accumulation 
of ROS, ubiquitinated cellular aggregates and abnormal organelles.” 

In this chapter, we will focus exclusively on macroautophagy (herein referred to as autophagy). 
Autophagy is involved in many different biological functions such as starvation adaptation, tu- 
mor suppression, development and differentiation, cell death, innate immunity and anti-aging.“ 
Basal levels of autophagy occur constitutively at low levels even under normal growth conditions, 
which is critical for “cellular housekeeping” functions.’ Autophagy activity can also be induced 
by nutrient starvation, deprivation of growth factors and various intracellular and extracellular 
stress conditions such as hypoxia, high temperature, or overcrowding.” Nutrient starvation and 
repression of TOR strongly induce autophagy from yeast to mammals, including in C. elegans.® In 
multicellular eukaryotic organisms, various signal transduction pathways including insulin, TOR, 
stress-activated kinases (e.g., JNK) and eukaryotic initiation factor 2a kinase signaling pathways 
are orchestrated to respond to nutrient status in the regulation of autophagy activity.” 

The autophagy process involves the formation of a double-membraned structure called the 
autophagosome, which involves sequential steps including induction, vesicle nucleation, vesicle 
expansion and completion and retrieval, that are then followed by fusion with the lysosome and 
degradation of the sequestered contents (Fig. 3). In yeast, more than thirty autophagy-related 
(ATG) genes have been identified by genetic screens and they all function downstream of TOR 
kinase. Under normal nutrient conditions in yeast, TOR inhibits the interaction between Atg13 
and Atg1 by causing hyperphosphorylation of Atg13 through an unknown mechanism. However, 
under starvation conditions, this inhibition is released and the activated Atg13-Atg1 complex 
results in the induction of autophagy.“ In the first step of autophagosome formation, an isolated 
membrane called a phagophore forms at the phagophore assembly site and sequesters cytosolic 
proteins and organelles.” A Class III PI3K complex involving Vps34 and Atg6 in yeast (Beclin 1 
in mammalian cells) is required for the initiation of this vesicle nucleation process.” The elonga- 
tion of the phagophore membrane results in the formation of autophagosome. Two ubiquitin-like 
protein system are required for this step.” Atg8, one of the ubiquitin-like proteins in these systems, 
associates with the autophagosomal membrane as a phosphatidylehanolamine-conjugated form 


during the process of autophagy.” Therefore, GFP-labeled ATGS is widely used as a marker to 
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visualize autophagosomes that appear as green puncta. After the formation of the autophagosome, 
autophagy proteins except for Atg8 are retrieved; Atg9 and Atg18 are required for this retrieval step. 
Then the outer membrane of the autophagosome fuses with the lysosome and the inner membrane 
along with sequestered cytosolic components are delivered into the lysosome. The fused vesicles 
are called autolysosomes, in which cytosolic components are degraded by lysosomal enzymes. The 
resulting breakdown products such as amino acids and free fatty acids are released into cytosol and 
recycled to synthesize new macromolecules and to maintain cellular energy homeostasis.“4 

Orthologs of many yeast ATG genes have been identified in different species including C. 
elegans, Drosophila, mice and humans.“ Sixteen worm orthologs of ATG genes are known to 
exist in the C. elegans genome and their putative functions in the autophagy process have been 
reviewed.*! Moreoever, recent studies have shown that autophagy plays a role in survival during 
starvation, dauer development, aging, cell death and neurodegenerative diseases in C. elegans.”! 
In the remainder of this chapter, we will discuss the role of autophagy in aging, as revealed by 
genetic studies in C. elegans. 


Autophagy and C. elegans Longevity Pathways 

Many longevity genes have been identified in C. elegans and recent studies indicate that au- 
tophagy is involved in several highly conserved longevity pathways (Table 1), including insulin-like 
signaling, dietary restriction and mitochondrial respiratory function. 

One of the best-studied longevity pathways in the nematode is the DAF-2 insulin/IGF-1-like 
signaling pathway. In 2003, the first study of autophagy in C. elegans showed that the autophagy 
gene 2ec-1 (ortholog of yeast ATG6) is essential for the longevity phenotype of da-2 mutant ani- 
mals.” Subsequent studies showed that five additional autophagy genes, atg-7, /gg-1 (ortholog of 
yeast 4/78), atg-12, atg-18 and vps-34 are also required for life span extension in daf-2 mutants. 
Consistent with the life span data, several studies have shown that autophagy is induced in daf-2 
dauer larvae and adults, using worms that transgenically express a fluorescent autophagy marker, 
GFP fused to LGG-1 (the worm ortholog of Atg).575555 Together, these studies suggest that the 
upregulation of autophagy in the setting of decreased insulin-like signaling mechanistically un- 
derlies the longevity phenotype of nematodes with a loss-of-function mutation in the insulin-like 
receptor tyrosine kinase, daf-2. To date, no studies have been published that examine whether 
autophagy genes are also, as one would predict, required for age-1-mediated life span extension. 

An open question is whether autophagy regulation by DAF-16 contributes to daf-2-mediated 
life span extension. A recent report indicates that overexpression of the DAF-16/Foxo transcription 
factor induces autophagy in C. elegans.** Furthermore, FOXO overexpression induces autophagy 
in Drosophila” and Foxo3 regulates autophagy in mouse muscle cells,””” suggesting that Foxo tran- 
scription factors play an evolutionarily conserved role in autophagy induction. However, Hansen 
et al found that a daf-16 null mutation does not block autophagy induction in daf-2 mutants.” 
One potential explanation for this apparent discrepancy is that another unidentified protein may 
function redundantly with DAF-16 in autophagy regulation. In such a case, the requirement for 
both DAF- 16 and for autophagy genes in daf-2-mediated life span extension may reflect a dual 
necessity for autophagy-independent DAF-16-regulated functions and for autophagy (that can 
be activated in a DAF-16-independent manner) (Fig. 2). 

Dietary restriction is another mechanism regulating C. elegans life span, which functions, at 
least in part, by reducing the activities of the TOR signaling pathway. Mutations in C. elegans that 
result in TOR inhibition extend C. elegans life span. *! Dietary restriction cannot further extend 
the increased life span produced by TOR RNAi, suggesting that TOR mediates the effect of dietary 
restriction in regulating C. elegans life span.” As in other organisms, TOR negatively regulates 
autophagy in C. elegans.‘ Importantly, autophagy gene RNAi blocks life span extension that results 
from reduced TOR activity.” Thus, it is predicted that dietary restriction inhibits TOR, which in 
turn induces autophagy. Indeed, increased autophagy activity is observed not only in TORRNAi 
animals, but also in eat-2 and eat-3 dietary restriction mutants*>>® and in dietary-restricted wild 
type worms. Accordingly, it not surprising that RNAi knockdown of autophagy genes suppresses 
the extended life span of eat-2 mutants.**>>“! Thus, autophagy is a central cellular target regulated 
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by both dietary restriction and daf-2/insulin-like signaling pathway that is important in the control 
of C. elegans life span (Fig. 2). One caveat is that all studies performed to date to demonstrate that 
autophagy is required for dietary restriction-mediated C. elegans life span extension utilized the 
eat-2 genetic mutant;**°>™ it will be critical to confirm this conclusion by using the traditional 
bacteria dilution method which is a more physiological model for dietary restriction. 

It isimportant to note that dietary restriction is considered to represent a pathway that is paral- 
lel to the daf-2/insulin-like signaling pathway in the control of C. elegans life span, based on the 
differential requirements of downstream transcription factors in each pathway. As noted above, 
the longevitiy phenotypes of daf-2 mutants requires DAF-16, whereas the longevity phenotype 
of eat-2 mutants is independent of DAF-16.”8 Instead, the FOXA transcription factor PHA-4 
is required for the life span extension of animals subjected to dietary restriction. Interestingly, 
PHA-4 is also required for dietary restriction to induce autophagy.” Therefore, it will be important 
to determine whether PHA-4-dependent autophagy is an essential mechanism by which dietary 
restriction extends life span in C. elegans and more generally, whether mammalian FOXA transcrip- 
tion factors regulate dietary restriction-induced autophagy and/or life span extension. 

Similar to dietary restriction, mitochondrial mutants extend C. elegans life span in a 
DAF-16-independent manner. Mutations in atp-3 and c/£-7 decrease mitochondrial respiration 
and extend C. elegans life span.**** RNAi of atp-3 and clk-1 extend life spans of wild type worms 
but not of autophagy mutants, suggesting that autophagy may be required for life span extension 
in these two mitochondrial mutants. However, RNAi of 2ec-1 during adulthood cannot sup- 
press the longevity phenotype of the mitochondrial mutants isp-J and clk-1.* Therefore, further 
experiments are required to confirm the involvement of autophagy in the mitochondrial pathway 
of life span regulation. Since one postulated mechanism by which autophagy may function in 
longevity is through the removal of damaged mitochondria and through decreasing intracellular 
levels of ROS,” it is possible that the autophagic machinery may be superfluous in certain longevity 
phenotypes that result from decreased mitochondrial activity. 

In addition to the daf-2/insulin-like signaling pathway, dietary restriction and mitochondrial 
mutants, there are many other genes that influence C. elegans life span. For example, overexpres- 
sion of Sir2.1, a worm ortholog of sirtuin, extends C. elegans life span, which depends on DAF-16 
activity.”’ Under stress conditions, Sir2.1 enters the nucleus and forms a complex with nuclear 
DAF-16 to turn on the transcription of longevity genes. It has not been tested whether autophagy 
is required for Sir2.1 to extend life span. However, interestingly, one of the mammalian sirtuins, 
Sirt1, forms a molecular complex with autophagy proteins including Atg5, Atg7 and Atg8 and 
directly deacetylates these proteins.”” Furthermore, transient overexpression of Sirt] stimulates 
basal level of autophagy.” Therefore, it is tempting to speculate that autophagy may be regulated 
by Sir2.1 in C. elegans and required for life extension conferred by Sir2.1 overexpression. 

In contrast to Sir2.1, TAX-6 or CNA-1, the C. elegans calcineurin A protein that is the 
catalytic subunit of a serine or threonine protein phosphatase, controls C. elegans life span in 
a DAF-16-partially-dependent manner.® 72x-6 loss-of-function mutants display a weak daf-2 
mutant phenotype including life span extension and dauer formation.® A loss-of-function muta- 
tion of daf-16 incompletely suppresses these phenotypes. Interestingly, a recent study reported 
that autophagy is induced in ¢ax-6 mutants and RNAi of autophagy genes suppresses life span 
extension of /ax-6 mutants.” Therefore, autophagy genes are required for the life span regulation 
by calcineurin in C. elegans. 

In addition to these well-characterized pathways that require autophagy in life span regulation, 
there is reason to speculate that autophagy may be also involved in other longevity pathways, based 
on known interactions between certain longevity signals in C. elegans and their established roles 
in autophagy induction in other organisms. The two major examples of this are AMP-activated 
protein kinase (AMPK) and JNK. AMPK isa sensor of low energy levels and becomes active when 
the AMP:ATP ratio is high.” The C. elegans AMPKa subunit AAK-2 is activated by AMP and 
influences life span independently of DAF-16, both daf-16 and aak-2 are required for the life span 
extension of daf-2 mutants and they act in parallel.”! However, dietary restriction-induced longevity 
requires AMPK and this involves multisite phosphorylation of the transcription factor DAF-16.” 
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Consistent with the involvement of AMPK in the daf-2/insulin-like signaling pathway, metformin, 
an oral biguanidine that is widely used in humans for the treatment of Type 2 diabetes, reduces 
plasma glucose and lipids and improves insulin sensitivity by activating AMPK.” Furthermore, 
chronic treatment of female outbred SHR (spontaneously hypertensive rat) mice with metformin 
increases mean life span by 37.8%.” Interestingly, various stressful conditions such as hypoxia and 
ischemia induce autophagy in an AMPK-dependent manner in mammals,” suggesting that 
autophagy is regulated by AMPK. In flies, the y subunit of AMPK SNF4Ay regulates develop- 
mental and stress-induced autophagy” and the yeast AMPK, SNF Ip, also regulates autophagy.”" 
Therefore, autophagy may also be controlled by AMPK in C. elegans and it is possible that such 
control may play a role in AMPK-mediated life span regulation. 

JNK is an evolutionarily conserved stress-activated protein kinase. Overexpression of JNK 
results in increased stress tolerance and extended life span in flies and worms, by a mechanism 
that is believed to involve promoting the nuclear localization of Foxo transcription factor./55182 
Interestingly, in flies, JNK signaling is thought to protect animals from oxidative stress by transcrip- 
tionally activating the autophagy pathway. In mammals, JNK- 1 is required for starvation-induced 
autophagy through a mechanism that involves Bcl-2 multisite phosphorylation, which leads to 
release of Bcl-2 (an inhibitor of autophagy) from the Bel-2/Beclin 1 complex.** Thus, JNK may 
regulate autophagy by both transcriptional and post-translational mechanisms and autophagy regu- 
lation by JNK, which is conserved in flies and mammals, may also exist in C. elegans. Accordingly, 
it will be interesting to determine whether autophagy is required for life extension conferred by 
overexpression of JNK in C. elegans. Furthermore, since JNK activity is essential for starvation-in- 
duced autophagy, at least in mammals," another important question is whether JNK-mediated 
autophagy may be involved in life span extension that results from dietary restriction. 

One critical dilemma in the field of autophagy and longevity control in C. elegans is how au- 
tophagy function in aging can be truly separated from other phenotypes that result from autophagy 
gene inactivation. For example, a null mutation in 2ec-7 is embryonically lethal? anda null mutation 
in atg1 8 causes decreased brood size (Jia and Levine, unpublished data). The dominant phenotype 
of unc-S1 (worm ortholog of atg/) is a neuronal defect resulting in abnormal movement. Thus, it 
is unknown how the pleiotropic effects of autophagy gene mutations affect aging. Knockdown of 
autophagy genes by RNAi has eliminated some of these “non-aging” phenotypes and still shows 
a requirement for autophagy in life span extension in different longevity mutants. However, some 
of these RNAi studies were performed during the development stage of the nematode life cycle, 
raising the question of whether these “aging” phenotypes are merely secondary to the effect of 
autophagy on development. Indeed, it has been reported that RNAi of bec-J in young adults, 
ie,, after development, does not shorten the life span of long-lived translation mutant and mito- 
chondrial mutants isp-1 and clk-1*4 whereas bec-1, unc-S1 and atg-18 mutations (present during 
development) do suppress the longevity phenotypes of atp-3 and c/£-/ mutants.” Surprisingly, in 
one study, RNAi of zzce-S 1, bec-1 or atg-9 after development was reported to extend life span in 
wild-type animals and daf-2 mutants. Therefore, further studies are needed to clarify the conflict- 
ing results regarding the role of autophagy in the control of C. elegans life span. 

Despite certain unresolved questions, taken together, the genetic studies described above 
provide compelling evidence that many longevity mutants require autophagy to extend life span. 
Furthermore, it is predicted that other longevity signals, such as AMPK and JNK, may also require 
autophagy. The central question arises—why is autophagy involved in so many different pathways? 
Perhaps, these genetic studies are pointing to a central downstream essential function of autophagy 
as an anti-aging process, upon which different longevity signals converge. In theory, the anti-aging 
effects of autophagy could either relate to its functions in promoting cell survival during adverse 
conditions (presumably through nutrient recycling and energy homeostasis), or perhaps more im- 
portantly, to its functions in specific aspects of cellular housekeeping. As the genetic link between 
autophagy and life span extension has been discovered relatively recently, few studies, if any, have 
addressed the underlying mechanisms by which autophagy is required for life span extension. 
Nonetheless, an obvious hypothesis is that autophagy is a key cellular defense mechanism against 
what has historically been referred to as the “free radical theory of aging”. 
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According to this theory, mitochondria are the major source of damaging oxygen radicals and 
the first compartment in the cell to be damaged by these radicals. The accumulation of mitochon- 
drial DNA damage and decline of mitochondrial function is a common feature in aging cellsf”and 
thought to be mechanistically important in the aging process. Indeed, as discussed above, studies 
of aging in C. elegans suggest an important role of mitochondria in regulating life span. Of note, 
mitochondrial damage and cellular oxidative stress induce autophagy” and in turn, autophagy may 
selectively remove damaged mitochondria and decrease intracellular levels of ROS and thereby, 
protect cells from oxidative damage.**! Thus, one common theory is that cells utilize autophagy 
to fight against oxidative damage and retard aging. In addition, autophagy plays a role in protect- 
ing against cellular damage by removing toxins and harmful aggregate-prone proteins” as well asa 
role in cellular lipid metabolism.’ It seems likely that all of these, as well as yet-to-be-discovered, 
functions of autophagy may contribute to its anti-aging effects. 


Conclusion 

In this chapter, we review our current understanding of the role of autophagy in the regula- 
tion of C. elegans life span. In the past six years, since the initial discovery of a role of bec-1 in 
daf-2-mediated life span extension,” there is accumulating evidence that multiple different 
autophagy genes are required for life span extension in multiple different C. elegans longevity 
mutants. Despite these advances, many important questions remain. We still know relatively 
little about how autophagy is regulated in vivo, whether autophagy impairment contributes 
directly or indirectly to aging and how autophagy functions at the cellular and molecular level in 
life span extension. We anticipate that continued studies in C. elegans, as well as in other model 
organisms, will likely shed light on these questions and open new frontiers in our understanding 
of aging. Meanwhile, perhaps the major lesson we have learned from C. e/egans—that autophagy 
is a downstream point of convergence in evolutionarily conserved longevity pathways—can 
be exploited to extend life span in other species by using lifestyle and/or pharmacological ap- 
proaches to upregulate autophagy. 
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CHAPTER 6 


Autophagy and Aging: 
Lessons from Progeria Models 


Guillermo Mariğo, Alvaro F. Fernandez and Carlos Lépez-Otin* 


Abstract 

utophagy is an evolutionarily conserved process essential for cellular homeostasis and 
Ave! viability. In fact, this pathway is one of the major protein degradation mecha- 

nisms in eukaryotic cells. It has been repeatedly reported that the autophagic activity of 
living cells decreases with age, probably contributing to the accumulation of damaged macromol- 
ecules and organelles during aging. Moreover, autophagy modulation in different model organisms 
has yielded very promising results suggesting that the maintenance of a proper autophagic activity 
contributes to extend longevity. On the other hand, recent findings have shown that distinct 
premature-aging murine models exhibit an extensive basal activation of autophagy instead of the 
characteristic decline in this process occurring during normal aging. This unexpected autophagic 
increase in progeroid models is usually associated with a series of metabolic alterations resembling 
those occurring under calorie restriction or in other situations reported to prolong life-span. In 
this chapter, we will discuss the current knowledge on the relationship between the autophagy 
pathway and aging with a special emphasis on the unexpected and novel link between premature 
aging and autophagy up-regulation. 


Introduction 

Aging is a natural process which affects most biological functions and appears to be a conse- 
quence of the accumulative action of different types of stressors. Thus, oxidative damage, telomere 
attrition and the decline of DNA repair and protein turnover systems are thought to be major 
causes of aging.' Among the diverse events associated with this age-dependent functional decline, 
the accumulation of damaged proteins and organelles has been proposed to contribute in a decisive 
manner to cellular malfunction.’ In eukaryotic cells, there are two major pathways involved in the 
quality control and turnover of cellular components: the ubiquitin/proteasome system and the 
autophagic/lysosomal system. The ubiquitin/proteasome system plays a major role in the mainte- 
nance of cellular homeostasis and in protein quality control, but also regulates essential processes 
such as cell cycle progression or signal transduction.*4 Nevertheless, the constitutive degradation 
of proteins by this ubiquitin/proteasome system is mostly limited to short-lived proteins. By 
contrast, the autophagic/lysosomal system is able to degrade long-lived proteins and even entire 
organelles. The autophagic degradation routes can be classified into at least three different path- 
ways: macroautophagy, microautophagy and chaperone-mediated autophagy.”” Macroautophagy 
is the major lysosomal pathway for the turnover of cytoplasmic components and will hereafter be 
referred to as autophagy. This process begins with the engulfment of cytoplasmic constituents by 
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a membrane sac: the isolation membrane. Then, this structure forms a double-membrane vesicle 
called the autophagosome which contains bulk portions of cytoplasm and eventually fuses with 
the lysosome. Finally, the inner membrane of the autophagosome and its protein and organelle 
contents are degraded by lysosomal hydrolases and recycled. 

It has been proposed that accumulation of cellular garbage associated with aging is mainly 
caused by an age-related decline of autophagic and lysosomal activity.”* This hypothesis is based on 
reports showing an age-related decrease of autophagic degradation rate, although direct evidences 
supporting a causal relation between age-related autophagy dysfunction and aging—especially in 
mammals—need to be supported by additional experimental data. In this chapter, we will discuss 
the current knowledge on the impact and relevance of autophagy in aging and life-span exten- 
sion, paying special attention on recent and unexpected findings suggesting a detrimental role for 
abnormally increased autophagy in the development of premature aging syndromes. 


Autophagy and Physiological Aging 

A characteristic feature of aging is the accumulation of damaged proteins and organelles, which 
is in fact one of the most persistent alterations widely observed in aged cells. This phenomenon 
probably derives from the decay of folding and protein turnover control mechanisms. In this 
regard, many authors have postulated that a gradual age-related decrease of autophagic activity 
could play an essential role in the functional deterioration of aging organisms.”” Given that the 
recently generated mouse models with impaired autophagy present dramatic phenotypes show- 
ing accumulation of misfolded protein aggregates and defective organelles, this hypothesis seems 
very reasonable.”"" In fact, long before the molecular basis of the autophagic pathway began to be 
understood, some authors had observed that lysosomal activity decreases with age.11:12 The observed 
decrease in this activity is accompanied by a series of alterations, such as lysosome expansion and/ 
or accumulation of undigested material as an autofluorescent pigment called lipofuscin.” These 
alterations ultimately lead to lysosomal dysfunction and to the accumulation of immature au- 
tophagic vesicles, which remained undegraded due to deficient lysosomal activity. In fact, lipofuscin 
accumulation, together with the lysosomal damage caused by toxic protein products, affects the 
ability of lysosomes to fuse with autophagic vesicles and reduce hydrolases activity, thus delaying 
or even stopping autophagosome maturation." 

In addition to the mentioned lysosomal dysfunction, some authors have proposed a link 
between the age-related autophagic decline and alterations in the levels of circulating hormones 
or in the response to them. In fact, an autophagy de-regulation has been observed in aged rodent 
livers, mainly characterized by a progressive resistance to glucagon signalling in terms of autophagy 
induction.'*"° In young organisms, a rise in glucagon levels, occurring in starvation periods, induces 
autophagosome formation, whereas an increment in circulating insulin, mainly observed after 
feeding, largely inhibits autophagy.”1” This effect is mediated by hormonal regulation of mTOR 
kinase activity, which is linked to insulin receptor activity, in turn regulated by the insulin/glucagon 
balance and by other activators as growth factors or cytokines.'”'* In aged organisms, basal insulin 
receptor activity is usually increased,” which may lead to severe metabolic disorders, such as insulin 
resistance. The observed age-related autophagy de-regulation may be also related to this event, 
finally resulting in a constitutive increase in mTOR activity and thus ina stronger basal autophagy 
inhibition. All these observations showing the existence of an age-related decline of autophagic 
activity have provided very valuable information, but are somewhat limited by the relative lack of 
knowledge on the molecular mechanisms involved in autophagy regulation. 

Knowledge on the molecular basis of autophagy has considerably improved in the last 
years, mainly due to the isolation and characterization of autophagy-defective mutants in 
the yeast Saccharomyces cerevisiae.””** The subsequent identification of the orthologues of 
autophagy-related yeast genes in higher eukaryotes has made possible the dissection and study 
of the relevance of autophagy in diverse physiological and pathological processes, including 
aging. In this regard, the selective targeting of autophagy genes in diverse model organisms has 
shown a tight connection between autophagic activity and longevity (Fig. 1). In the nematode 
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Figure 1. Effects of autophagy modulation in longevity. A) Silencing of a variety of 
autophagy-related genes results in a decrease in the longevity of long-lived C. elegans mutants, 
which suggests that a proper autophagic activity is required to attain the maximal life-span 
extension in worms. B) In D. melanogaster, overexpression of autophagy-related genes leading 
to increased autophagic activity results in life-span extension and prevents age-related neuronal 
damage. C) Although restoration of age-dependent loss of CMA improves hepatic function in 
mice, additional studied are required to determine the real impact of autophagy modulation 
in terms of life-span extension in mammals. 


Caenorhabditis elegans, disruption of daf-2, the functional equivalent for the insulin receptor in 
mammals, substantially extends life-span.” The knock-down of essential proteins for autophagy 
execution significantly reduces the life-span extension caused by daf-2 disruption (Fig. 1A).”4 
Similarly, a proper autophagic activity seems to be required to achieve the maximum life-span 
extension obtained by the deletion of mTOR or p53.25°2% All these results suggest an important 
role for autophagy in longevity, at least in nematodes. In flies, recent findings also suggest that 
increased basal autophagy in the nervous system enhances longevity and oxidant resistance (Fig. 
1B).”’ By contrast, no life-span studies in mammalian models with reduced autophagy have been 
reported so far and although several murine models totally lacking autophagic activity have 
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been generated, their phenotypes are so dramatic that make impossible to study the putative 
implications of this process in aging.**”? However, very interesting results have been obtained 
in mice by manipulating chaperone-mediated autophagy (CMA), a specific form of autophagy 
in which proteins with a determined amino-acid sequence are directly delivered to the lysosome 
lumen without the participation of autophagosomes. In fact, restoration of chaperone-mediated 
autophagy in aging liver improves cellular maintenance and hepatic function (Fig. 1C).*° 
Although these results are not a bona fide evidence that autophagy up-regulation promotes 
longevity in mammals, they suggest that maintaining a proper autophagic activity throughout 
life span prevents or at least slows down some of the functional failures associated with aging. 
In this regard, a very recent work focused on the use of the immunosuppressant rapamycin, 
which inhibits mTOR activity and induces autophagy, has shown that this drug extends both 
median and maximal life-span even when fed late in life.* However, as mTOR activity affects 
multiple and essential processes apart from autophagy, the real implication of this process in 
life-span extension mediated by rapamycin treatment has to be evaluated in more detail. Finally, 
it is worthwhile mentioning that caloric restriction (CR), the only ‘natural’ intervention known 
to extend longevity, seems to help maintain an adequate basal and induced autophagic activity, 
possibly due to changes in circulating hormonal and biochemical parameters, as low levels of 
glucose, insulin or growth factors, observed after CR.**? In this regard, recent studies have 
demonstrated that CR increases the expression of sirtuin-1 and the life-span extension associ- 
ated with CR is dependent on sirtuin-1 expression.** The fact that sirtuin-1 is able to activate 
autophagy in cells even in the presence of nutrients also supports the idea of an essential role for 
autophagy CR-mediated life-span extension in mammals. Consistently, the very recent findings 
showing that CR in primates not only extends substantially life-span, but also delays the onset of 
age-associated pathologies” highlights the importance of understanding the precise role played 
by autophagy in CR-mediated life-span extension. In fact, pathologies as cancer, cardiovascular 
diseases, or brain atrophy have been previously associated with autophagy impairment.2923638 
The finding that all these age-related alterations are substantially reduced in rhesus monkeys 
subjected to CR also supports the idea of an important role of autophagy in mediating the 
anti-aging effects of CR. 

Taken together, all these observations show that autophagic activity decreases with age, mainly 
due to a decline in lysosomal activity and also to a de-regulation of the autophagic response to 
circulating hormones. It seems clear that maintaining an adequate autophagic activity is essential 
for achieving the maximum life-span extension in invertebrates, but additional experimental evi- 
dences are necessary to confirm these correlative observations in mammals. However, although 
the idea of manipulating autophagy to delay human aging—alone or in combination with other 
treatments—is very tempting, further efforts to analyze the impact of CR, CR pharmacological 
mimetics, or rapamycin treatment in models with reduced autophagic activity will clarify the real 
role for this process in aging and/or in life-span extension. 


Autophagy and Premature Aging 

Although the precise molecular determinants of aging are still very far from being com- 
pletely understood, our knowledge of the molecular basis of this complex process has improved 
considerably, in part due to the study of segmental progeroid syndromes.*”” These syndromes 
are dramatic diseases in which certain features of human aging are prematurely developed 
and mainly derive from deficiencies in DNA-repair systems or from defects in components of 
the nuclear envelope, which ultimately lead to the activation of DNA-damage and chromo- 
some instability responses,“”5 Apparently, one would expect that given that premature aging 
models manifest precociously many features of normal aging, they would show a decrease in 
autophagic activity. Surprisingly, it has been recently reported that progeroid mice fed ad 
libitum present a clear increase in their tissue autophagic activity. It is remarkable that this 
unexpected increase in autophagic activity has also been observed in premature aging murine 
models caused by defects in either nuclear envelope components or DNA repair machinery,“ 
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Table 1. Mouse models of premature aging also showing autophagy alterations 


Model Phenotype Autophagy Status Refs 
Zmpste24-/- Grovvth retardation and premature Increased systemic basal 44,45 
aging phenotype caused by nuclear autophagy accompanied by 
envelope alterations metabolic alterations similar to 
those found in long-lived mice 
XPF Growth retardation and premature ag- Increased systemic basal 49,50 
ing phenotype caused by deficiencies | autophagy accompanied by 
in DNA repair mechanisms metabolic and somatotroph axis 
alterations similar to those found 
in long-lived mice 
CSB~“/XPA~- (Grovvth retardation and premature ag- Very similar to XPF-- 49,50 
ing phenotype caused by DNA repair 
mechanisms deficiencies 
Cisd2-- Premature aging phenotype caused by Increased basal autophagy 46 
mitochondrial defects accompanied by mitochondrial 
breakdown and dysfunction 
PTHrP Growth retardation and early lethality — Increased basal autophagy 47 
Knock-In showing features of premature aging accompanied by hypoglucemia 


caused by deletion of the nuclear 
localization sequence and C-terminus 
of PTHrp 


mitochondrial dysfunction,” or parathyroid hormone activity de-regulation,” suggesting that 
autophagy increase is a common feature of diverse premature-aging syndromes (Table 1). This 
abnormal autophagy increase is commonly associated with a complex metabolic shift in glucose 
and lipid metabolism, involving the up-regulation of key genes for gluconeogenesis, glycogen 
accumulation, fatty acid synthesis and B-oxidation.***° The metabolic shift is in turn linked 
to a substantial increase in the levels of hepatic glycogen and also to liver steatosis, as well as 
to significant changes in biochemical parameters, such as reduced levels of blood glucose, 
insulin, leptin and increased values of plasma adiponectin.“ All these profound metabolic 
alterations likely lead to mTOR inhibition and up-regulation of LKB1-AMPK axis activity, 
both observed in progeroid murine models.* In fact, a decrease in blood glucose levels or an 
increase in circulating adiponectin leads to an in vivo induction of AMPK activity,” which 
in turn inhibits mTOR activity.’ Given that both mTOR inhibition and AMPK activity in- 
crease have been shown to induce autophagy, the metabolic shift characteristic of progeroid 
mice likely underlies their unexpected autophagy increase. However, there could be additional 
mechanisms underlying the increase of autophagic activity in premature aging syndromes. 
In fact, it has been recently shown that nuclear blebs—a common feature of aged cells, also 
characteristic of cells from progeria patients—are degraded by autophagy, thus resulting in a 
modest but consistent increase in cellular autophagic activity.” 

It is remarkable that the majority of the detected alterations in progeroid mice are associated 
with longer life-span rather than with the shortened longevity characteristic of these progeroid 
animals. As mentioned previously, autophagic activity is essential for dauer development and 
life-span extension in C. elegans? and a down-regulation of TOR-signaling extends life-span 
in both yeast and nematodes.””” Similarly, AMPK over-expression promotes longevity in C. 
elegans® and the metabolic alterations such as hypoinsulinemia and hypoglycaemia found in 
progeroid mice, increase life-span in diverse model organisms.?””” In addition, many of the 
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transcriptional alterations observed in key genes for glucose and lipid metabolism regulation 
resemble those observed in animals subjected to calorie restriction.”””” 

Taken together, all these observations suggest that the different molecular defects leading 
to the development of premature aging trigger a complex and conserved metabolic response 
including many features tightly associated with life-span extension. At first sight, this fact seems 
intriguing. However, most of these features point towards a reduction in the metabolic activity 
of the organism, which inevitably leads to a reduction in cell division rate. This appears to be an 
adequate strategy to reduce the accumulation of cellular damage, as it has been reported that cell 
division drastically increases the rates of abnormal chromosome segregation and binucleation in 
cells from progeria patients.%*! Thus, it is reasonable to think that a normal growth rate would 
compromise somatic integrity in progeroid animals. In this case, a metabolic response aimed at 
re-allocating resources from growth to somatic preservation could be the best way to attenuate the 
consequences of the molecular alterations underlying progeroid syndromes. However, it is clear 
that this adaptive response fails to counteract the mentioned alterations, which irreversibly lead 
to the premature death observed in progeroid mice. 


Conclusion 

In summary, although it has been repeatedly shown that autophagic activity decreases with 
age, the paradoxical finding that autophagy is up-regulated in progeroid mice may also help to 
understand the mechanisms underlying the multiple tissue alterations observed in these syndromes. 
Although the observed metabolic shift could be beneficial, it could also be detrimental for the 
organism if overactivated. In this regard, we must take into account that although autophagy 
activation facilitates temporary adaptation to metabolic stress, this catabolic pathway may also 
lead to cell death when chronically activated.» This situation could contribute to the progres- 
sive muscular and cardiac wasting observed in both progeroid mice and progeria patients.“ 
However, this hypothesis has to be tested using viable animal models with reduced autophagy 
or specific autophagy inhibitors, which are currently unavailable. These further studies will be 
helpful to clarify whether the observed increase of autophagic activity in progeroid mice helps 
to slow down the effects of the molecular alterations leading to premature aging, or by contrast, 
contributes to the development of the multiple pathologies observed in these mice. In this lat- 
ter case, the autophagy pathway could be a future clinical target which may help to improve the 
prognosis of progeria patients. 
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CHAPTER 7 


Regulation of Protein Turnover 


by Longevity Pathways 


Tibor Vellai* and Krisztina Takacs-Vellai 


Abstract 

ellular homeostasis, which is needed for the cells to survive, requires a well-controlled 
( balancein protein turnover. Both protein synthesis and degradation are influenced by dis- 

tinct genetic pathways that controlagingin divergent eukaryotic species. Ihese conserved 
mechanisms involve the insulin/IGF-1 (Insulin-like Growth Factor-1), TGF-B (Transforming 
Growth Factor-B), JNK (c-Jun terminal kinase), RTK/Ras/MAPK (Receptor Tyrosine Kinase/ 
Ras/Mitogen-Activated Protein Kinase) and TOR (kinase Target Of Rapamycin) signaling 
cascades and the mitochondrial respiratory system—each of them promotes protein synthesis; 
as well as the intracellular protein degradation machineries, including the ubiquitin-proteasome 
system and lysosome-mediated autophagy. In addition to providing building blocks for genera- 
tion of new proteins and fuelling the cell with energy under starvation, the protein degradation 
processes eliminate damaged, nonfunctional proteins, the accumulation of which serves as the 
primary contributory factor to aging. Interestingly, a complex, intimate regulatory relationship 
exists between mechanisms promoting protein synthesis and those mediating protein degrada- 
tion: under certain circumstances the former downregulate the latter. Thus, conditions that favor 
protein synthesis can enhance the rate at which damaged proteins accumulate. This may explain 
why genetic interventions and environmental factors (e.g., dietary restriction) that reduce protein 
synthesis, at least to tolerable levels, extend lifespan and increase resistance to cellular stress in vari- 
ous experimental model organisms of aging. In this chapter, the molecular mechanisms by which 
protein synthesis-promoting longevity pathways and protein degradation pathways interact with 
each other are discussed. 


Protein Metabolism and Aging 

Life is dependent on continuous generation, readjustment and renewal of cellular proteins, 
which become possible by processes of protein synthesis and degradation. The availability of 
newly produced proteins hence is a requirement for cellular homeostasis, a function known to be 
impaired during aging. Notably, a general decline in the rate of protein synthesis is a phenomenon 
that characterizes essentially all aging cells.’ Recent genetic studies, however, indicate that lowering 
protein synthesis to tolerable levels that still enable cell growth and other vital cellular processes 
can significantly extend lifespan in the nematode Caenorhabditis elegans, a widely used invertebrate 
model of aging.“ This finding was somehow unexpected as generation of new proteins should 
contribute to the rejuvenation and efficient working of the cells and eventually to the survival of 
the organism. To solve this apparent paradox, one should understand the molecular mechanisms 
by which protein synthesis and degradation are coupled in aging control. Furthermore, it also 
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Figure 1. Turnover of intracellular proteins. Many cellular proteins are constantly degraded 
and resynthesized. Intracellular proteins that pass their life time or become damaged (e.g., 
misfolded) due to diverse cellular stress factors can form protein damages (cellular toxins), 
the accumulation of which contributes to the driving of the aging process. Elimination of such 
types of cellular damage occurs by the protein degradation processes. An age-dependent 
decline characterizes the rate of both protein synthesis and degradation. 


remains to be elucidated whether lowered rate of protein synthesis at advanced ages is a cause, i.e., 
a contributory factor to, or consequence of the aging process. In general, elucidating how protein 
metabolism is linked to the aging process is a fundamental and fascinating issue in biology, with 
significant medical implications. 

Protein turnover comprises the synthesis and degradation processes of proteins (Fig. 1). Translation 
of eukaryotic (messenger) mRNAs yields the short- and long-lived proteins, which can be damaged 
due to cellular stress or become intrinsically nonfunctional after passing their natural life time. For 
example, heat shock, a rapid elevation in temperature that occurs frequently under natural condi- 
tions, can cause misfolding, aggregation and cross-linking of various proteins. Reactive oxygen 
species (ROS)—which are small, short-lived and highly reactive molecules formed by incomplete 
one-electron reduction of oxygen and produced as a result of mitochondrial respiration, activity of 
specific enzymes or ionizing radiation—can also effectively damage (oxidize) proteins. Abnormal and 
thereby nonfunctional proteins generated by such effects can then be repaired by molecular chaperons 
or undergo degradation. The end-products of intracellular protein degradation processes are used to 
supply the cells with energy or as building blocks for protein synthesis, or further processed by the 
urea cycle removing the nitrogen in the form of urea. Damaged proteins are not simply unable to 
perform their biological activity, but can actively interfere with normal cellular functions. These fac- 
tors, for example, can bind signaling proteins, thereby sending erroneous signals or blocking cell-cell 
communication. Thus, damaged proteins, together with other types of cellular damage, act as unde- 
sired cellular toxins.”” Their effective removal from the cytoplasm is essential for the cells to operate 
persistently. In divergent eukaryotic species ranging from yeast to mammals, the lifelong, progressive 
accumulation of unrepaired cellular damage drives the aging process and leads to a decreased ability 
of the cell and, eventually of the organism, to survive” 

Locally, protein synthesis takes place on ribosomes (for reviewing the biochemical mechanism of 
eukaryotic mRNA translation, see ref. 1). Briefly, proteins are synthesized in the amino-to-carboxyl 
direction by the successive addition of amino acids to the carboxyl terminus of the growing 
peptide chains (Fig. 2). The amino acids are incorporated into the growing chain in activated 
form as aminoacyl-tRNAs. The linking of an amino acid to its specific tRNA is catalyzed by an 
aminoacyl-tRNA synthetase (AARS) and requires energy released from ATP hydrolysis. For each 
amino acid, there is usually one activating AARS enzyme and at least one kind of tRNA. Translation 
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Figure 2. The main phases and components of mRNA translation in eukaryotes. mRNA 
translation consists of three main phases: initiation, elongation and termination. elF denotes 
eukaryotic initiation factors, eEF stands for eukaryotic elongation factors, eRF indicates the 
eukaryotic release factor. Other abbreviations: GTP, guanosinetriphosphate; ATP, adenos- 
inetriphosphate, PABP, poly-A binding protein; Cap, 7-monomethyl guanosine cap at the 5’ 
end of mRNA; Met-tRNA, methionyl transfer RNA; AA, aminoacyl; AARS, aminoacyl-tRNA 
synthetase; 40S and 60S, eukaryotic ribosomal subunits. The elFs that play a crucial role in 
the global regulation of mRNA translation are indicated by red coloring. For details, see the 
introductory paragraph. 
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of mRNA molecules into proteins consists of three distinct, tightly controlled phases: initiation, 
elongation and termination. In eukaryotes, the initiation process involves a large number of initia- 
tion factors (eIFs), which dictate the formation of the so-called 43S pre-initiation complex (43S 
PIC) on the mRNA being translated. This complex integrates the activated 40S ribosomal subunit 
and initiator methyonil-tRNA (Met-tRNA) and joins with the 60S ribosomal subunit to form the 
80S initiation complex. After formation of the 80S ribosome, elongation of the polypeptide chain 
starts and then proceeds with the appropriate amino acid-loaded tRNAs, which are synthesized by 
the corresponding AARSs. During the elongation process, the ribosome is translocated along the 
mRNA. Finally, mRNA translation is terminated by the eukaryotic release factor that reads a stop 
codon. Then, the ribosome dissociates from the mRNA, releasing the two ribosomal subunits. 

‘The initiation process contains two crucial steps, where global mRNA translation is mostly 
regulated (for details, also see later chapters in the text). First, eIF2, which mediates binding of 
Met-tRNA to the 43S PIC, can be phosphorylated by eIF2B. This step influences the ability of 
eIF2B to convert GDP to GTP on elF2, which is required for the incorporation of Met-tRNA 
into the 43S ribosomal subunit. Second, the recruitment of the 43S PIC on the 7-monomethyl 
guanosine cap at the 5” end of all eukaryotic mRNAs is controlled by the cap-binding protein 
el F4E, whose activity in turn can be modulated by the elF4E-binding protein 4E-BP. 

The assembly of new proteins requires a source of amino acids, which are generated by the 
digestion of proteins in the intestine and the degradation of proteins within the cell. The break- 
down of intracellular proteins occurs by highly regulated degradative processes, including the 
ubiquitin-proteasome system and lysosome-mediated autophagy (Fig. 3A). Various proteins can 
become covalently modified with ubiquitin, which itself is a small protein and, after being tagged 
with chains of four or more ubiquitins, delivered to the ATP-dependent proteasome system for 
destruction.”” Hence, ubiquitin is the tag that marks proteins for breakdown. Typically, the ubiq- 
uitin conjugation process involves three enzymes: ubiquitin-activating (E1), ubiquitin-conjugating 
(E2) and ubiquitin-ligase (E3) enzymes. The proteasome is a large, barrel-shaped, multiprotein 
protease complex that predominantly digests short-lived and misfolded proteins. Elimination 
of misfolded proteins can often be mediated by molecular chaperones, also called heat-shock 
or stress proteins, which either assist in the refolding of damaged proteins or sequester them 
for proteasome-mediated degradation.!° Chaperones thus play a pivotal role in maintaining the 
conformational homeostasis of cytosolic proteins. Autophagy is the other main mechanism for 
intracellular protein degradation.'"” It is required for the bulk clearance of damaged and long-lived 
proteins. During autophagy, proteins, together with other cytosolic constituents, are delivered into 
lysosomes for breakdown that occurs by acidic proteases. Depending on the mechanism by which 
proteins are transported into lysosomes, three main types of autophagy can be distinguished: 
microautophagy, chaperon-mediated autophagy (CMA) and macroautophagy (for details, see 
the legend of Fig. 3B).'? The products of autophagic breakdown are released back into the cytosol 
and utilized for the building of new proteins according to the actual needs of the cells. Therefore, 
autophagy is a vital mechanism for the renewal of intracellular proteins. It also plays a pivotal role 
in the cellular response to various stress conditions, such as amino acid deprivation, hypoxia, or 
elevated temperature, when fast reorganization of cellular functions is necessary. 

In healthy cells, protein turnover (recycling) operates in a balanced way: unneeded, damaged 
proteins are effectively degraded by the cellular clearance mechanisms, providing building blocks 
and energy for the resynthesis process. Therefore, many cellular proteins are constantly degraded 
and resynthesized. However, the levels of both protein synthesis and degradation become de- 
creased in aging cells. This could be the result of general deterioration in metabolic processes 
that accompanies aging. Alternatively, a developmental program mediated by signaling inputs 
or chromatin remodeling factors may adjust down the rate of protein metabolism over time. In 
addition, a complex regulatory interaction exists between longevity pathways promoting protein 
synthesis and molecular mechanisms underlying protein degradation. Nevertheless, intracellular 
protein damages inevitably accumulate as the (somatic) cells age and lowering protein synthesis 
can confer life span extension in certain eukaryotic organisms, probably through lowering the rate 
at which such types of damage accumulate. 
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Longevity Pathways That Promote Protein Synthesis 

During the last three decades, a surprisingly large number of genes have been identified 
that regulate the aging process in divergent eukaryotic species. The recognition of their role in 
aging control was usually based upon the identification of the long-lived phenotype that their 
inactivation or overexpression cause (mutations that shorten life span generally have nothing 
to do with the aging process; rather they confer a nonspecific toxicity to the organism and 
thereby kill it prematurely). Combination of such genetic interventions (e.g., in the form of 
double mutant animals) often results in no additive increase in life span extension, rendering 
the corresponding genes into the same genetic (also called longevity) pathway. We mentioned 
daf-2 and age-1 as illustrative examples. These genes encode the nematode Caenorhabditis elegans 
insulin/IGF-1 receptor and class I phosphatidylinositol-3-kinase İPT3K (I)], respectively.'*° 
Lowering the activity of either of these genes through hypomorphic mutations can double 
the natural life span of worms.'*!6 Double mutant nematodes defective for both DAF-2 and 
AGE-1, however, do not live longer than either of the single mutants. Thus, daf-2 and age-1 
act within a single signaling axis to control aging in this organism./” Indeed, the evolutionarily 
conserved insulin/IGF-1 hormonal system has been emerged as a central regulatory mechanism 
of aging in animal species ranging from worms to mammals.'*'*? In contrast, downregulat- 
ing daf-2 in clk-I mutant background confers an extreme increase in longevity as the double 
mutants live almost three-four times longer than the wild type (i.e., much longer than daf-2 
single mutants).°”° c/k-J, loss-of-function mutations of which increase life-span moderately, 
encodes an enzyme that is necessary for the biosynthesis of ubiquinone, an integral part of the 
mitochondrial electron transport chain.”! These genetic interactions imply that the insulin/ 
IGF-1 signaling cascade and mitochondrial respiratory system function as two distinct, parallel 
acting longevity pathways. 


Insulin/IGF-1 Signaling 

Once the insulin/IGF-1 receptor is activated upon ligand binding, it further activates PI3K 
(I) (for reviews, see for example refs. 22, 23) (Fig. 4). This kinase converts phosphatidylinositol 
(3,4)-bisphosphate İP1(3,4)P,) into phosphatidylinositol (3,4,5)-trisphosphate [P1(3,4,5)P3], 
which is an important membrane-bound signaling molecule. The phosphatase and tensin ho- 
molog PTEN antagonizes PI3K (I) in this biochemical reaction. P1(3,4,5)P;, either directly or 
through the 3-phosphoinositide-dependent protein kinase (PDK), mediates the activation of 
the serine-threonine kinase Akt/PKB (AKTS8 virus proto-oncogen, also known as protein kinase 
B), which in turn represses the forkhead transcription factor FoxO by direct phosphorylation. 
Phosphorylated FoxO remains inactive in the cytoplasm. In the absence of inhibitory signal, 
FoxO becomes dephosphorylated and then transported into the nucleus, where it modulates 
the transcriptional activity of its target genes. Thus, a main mechanistic output of insulin/IGF-1 
signaling is to inhibit FoxO. Consistently, the activity of FoxO is required for life span extension 
in insulin/IGF-1 signaling deficient nematodes and insects.2426 

Insulin/IGF-1 signaling controls multiple developmental, cellular and metabolic processes, 
including reproductive growth, aging, glucose metabolism, cell survival, growth and proliferation 
,in divergent animal species.”” Cell growth, differentiation and proliferation require an intense 
generation of new proteins. Thus, it is not surprising that insulin/IGF- 1 signaling influences protein 
synthesis as well. A direct regulatory link is represented by FoxO, which, at least in Drosophila, 
appears to transcriptionally control e4-BP coding for an inhibitor of elF4E (Figs. 2 and 4).”” In 
addition, PDK and Akt/PKB trigger the kinase (S6K) that phosphorylates Só protein involved 
in ribosome biogenesis.” Akt/PKB also downregulates the glycogen synthase kinase 3 (GSK3), 
whose activity in turns inhibits e[F2B.” To better understand the molecular mechanisms by which 
insulin/IGF-1 signaling affects mRNA translation, one should review our knowledge about the 
signaling network that comprises highly interconnected molecular pathways implicated in cell 
growth (Fig. 4). Remarkably, each of these pathways controls life span as well in a variety of organ- 
isms. We discuss them briefly below. 
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Figure 4. Model for the signaling netvvork of longevity pathvvays linking protein synthesis to 
aging. The figure illustrates the mammalian counterparts of signaling and metabolic compo- 
nents involved in both aging and protein synthesis. Several interrelationships have only been 
demonstrated thus far in model organisms. Arrows (activations) and bars (inhibitions) indicate 
direct interactions that have been experimentally confirmed. Note that not all the indirect 
interactions have as yet necessarily been demonstrated. The mitochondrial respiratory chain 
representing a distinct longevity pathway is not shown here in details. “questionmark” indi- 
cates that the effects of TGF-$ on FoxO may be SMAD-independent. S6K mediates ribosome 
biogenesis, whereas elF2, elF4E and elF4G are required for Cap-dependent mRNA translation. 
RTK: receptor tyrosine kinase. For other abbreviations, see the text. 


TOR Signaling 

Akt/PKB activates the kinase target of rapamycin (TOR). This regulatory interaction occurs 
through inhibition of the tuberous sclerosis complexes 1 and 2 (TSC1/2) and Ras homolog en- 
riched in brain (Rheb), which are upstream regulators of cellular energy-sensing TOR (Fig. 4).°° 
TSC1/2, which is inhibited by amino acid transporters (AAT), also serve as sites where the ad- 
enosine monophosphate-activated protein kinase (AMPK) links the cellular AMP/ATP ratio and 
insulin/IGF-1 signaling to lifespan.*! Knockdown of TOR activity in C. elegans, starting from the 
young adulthood onwards, leads to an extreme extension in life span.” Double mutant (epistasis) 
analysis in this organism indicates further that TOR and the insulin/IGF-1 cascade constitute a 
common signaling axis to control aging. In addition, the C. elegans FoxO-like protein DAF-16 
directly represses the transcription of Raptor, the mammalian counterpart of which encodes a 
regulatory associated protein of TOR.*#3> Mutational or pharmacological inhibition of TOR 
similarly extends life span in yeast, Drosophila and the mouse.**** Together, these data identify 
TOR signaling as an evolutionarily conserved longevity system. Accumulating evidence shows 
further that TOR regulates cell growth by altering gene transcription and mRNA translation in 
response to nutrient changes.” Two conserved effectors of TOR which are directly linked to 
the translational machinery involve elF4E and SK. As seen above and in Figure 2, elF4E binds 
to the 7-methyl-guanosine Cap present in almost all eukaryotic mRNAs and interacts with the 
multidomain scaffold protein e[F4G.”“° elF4G, in turn, cooperates with the poly(A)-binding 
protein PAPB. Combined interactions of elF4E, eIF4G and PAPB enhance mRNA translation 
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through bringing together the 5’ and 3’ ends of the mRNA. eIF4G also helps to recruit the 40S 
ribosomal subunit to the mRNA. TOR activity inhibits the elF4E-binding protein 4E-BP by 
direct phosphorylation. As 4E-BP negatively regulates elF4E, this phosphorylation function of 
TOR markedly promotes protein synthesis. Consistent with its regulatory dependence on TOR 
signaling, loss of a specific isoform of elF4E in C. elegans considerably lengthens life span.'* S6K 
kinase phosphorylates S6, a protein component of the 40S ribosomal subunit.” This kinase thus 
serves as another site through which TOR affects global protein synthesis. In good accordance 
with the long-lived phenotype of TOR deficient organisms, impairing S6K activity in yeast, worms 
and flies promotes organismal survival.3°6*! 


RAS/ERK Signaling 

In mammals, the insulin/IGF-1 receptor can signal to the Ras/MAPK pathway, which is an- 
other important signaling system in cell growth control (Fig. 4).”“* The interplay between the two 
pathways appears to be complex. Insulin/IGF-1 activates Ras by recruiting the Grb2 adaptor that 
binds toa unique tyrosine-phosphorylated consensus motif in the insulin/IGF-1 receptor substrate. 
On the other hand, Ras can activate Akt/PKB, thereby modulating FoxO activity. Ras signaling is 
also implicated in the regulation of life span in various models of aging. In yeast, for example, muta- 
tions that increase the activity of the mitogen-activated protein (MAP) kinase ERK2 (extracellular 
signal-regulated kinase 2) serve to increase both replicative life span (the number of daughter cells that 
a mother yeast cell can produce before senescence) and chronological life span (the length of time a 
nondividing yeast cell can survive). Furthermore, mutational inactivation of the Type 5 adenylyl 
cyclase (AC5), which converts ATP to cAMP and inhibits Ras signaling through stimulating the 
cAMP-dependent protein kinase A (PKA), confers a life span extension by 30% in mice.” ERK1/2 
kinases were found to stimulate S6K.' In addition, these kinases, together with p38 mitogen-activated 
protein kinase (p38 MAPK), modulate the activity of the mitogen-activated protein kinase-interacting 
kinase (Mnk1), which, in turn, triggers eIF4E and elF4G.* Based on these data, Ras signaling repre- 


sents another regulatory mechanism that controls both protein synthesis and aging. 
gu. y y ging 


TGE- f Signaling 

TGEF-B signaling is also required for normal cell growth and thereby may have a role in pro- 
tein synthesis.“ The TGF-f receptors can act in Smad-dependent or -independent fashion. In C. 
elegans, similar to insulin/IGF-1 signaling, TGF-f activity regulates development (reproductive 
growth), cell size and life span, Interestingly, each of these TGF-6 functions is mediated, at 
least in part, by the FoxO-like transcription factor DAF-16.**° For example, mutant worms with 
reduced activity of the TGF-f ligand DAF-7 develop as long-lived dauer larvae (dauer is a devel- 
opmental diapausa persisting for more than 6 months), but die as disorganized dauers within 1-2 
weeks if DAF-16 activity is absent.°° As DAF-16 links insulin/IGF-1 signaling to protein synthesis 
and aging, TGF-f should also modulate both processes (Fig. 4). Indeed, the mammalian Type I 
TGE-f receptor can directly interact with and activate the protein phosphatase 2A (PP2A), which 
is an upstream stimulator of S6K.*! Moreover, Type II TGF-f stimulates Ras/ERK signaling too. 
Together, it is likely that the TGF- signal transduction system functions as a longevity pathway 
that indirectly promotes mRNA translation. 


JNK Kinase-Mediated Signaling 

In certain cellular settings, the c-Jun terminal kinase (JNK) is also under the control of the Type 
H TGF-6 receptor.” This regulatory relationship is independent of Smad proteins. Furthermore, 
it was shown that genetic interventions that enhance JNK activity slow down the aging process of 
C. elegans and Drosphila 522 In nematodes, JNK regulates life span by modulating phosphoryla- 
tion and nuclear translocation of forkhead transcription factor DAF-16. Although it is not yet 
demonstrated, these data implicate that JNK signaling affects protein synthesis, probably through 
interacting with DAF-16. 
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Mitochondrial Respirtory Chain 

Protein synthesis is a highly costly process. The proportion of cellular energy used for 
protein synthesis is estimated to be as high as 30-40% of total ATP and GTP.” Mitochondria, 
wherein the majority of cellular energy is generated in most eukaryotic cells, affect essentially 
all biochemical processes. Thus, mRNA translation should be tightly coupled to mitochondrial 
activity as well. The fact that mammalian TOR signaling plays a crucial role in the regulation 
of mitochondrial function strongly supports this view.” Furthermore, components of the 
mitochondrial respiratory chain constitute a well-established longevity pathway: lowering the 
rate of mitochondrial respiration was shown to increase longevity in vvorms.””” This could 
be the result of decreased levels of ROS that mitochondria produce or a decline in protein 
synthesis, or both. 

Together, numerous evolutionarily conserved molecular pathways, including the insulin/ 
IGF-1, TOR, Ras/Erk, TGF-B and JNK signaling systems and the mitochondrial respiratory 
chain, that normally accelerate the aging process also—directly or indirectly—influence the 
cell’s machinery for protein synthesis. These regulatory circuits function in a highly orches- 
trated, intertwined way (Fig. 4). However, some of the longevity pathways established, e.g., 
the Sirt1/2—HSF1 (eukaryotic heat-shock factor-1) signaling axis or signaling via the tumor 
suppressor p53 (reviewed in ref. 7), have not been mentioned thus far in this chapter. This 
is a consequence of the fact that no information is available yet on whether and if yes how, 
they control mRNA translation. Obviously, these additional longevity systems are inherently 
integrated into the global signaling network of aging,’ and thereby estimated to influence 
protein synthesis. We conclude that in general, longevity pathways mediate signals that pro- 
mote translation. 


Interactions between Molecular Mechanisms Involved in Protein 
Synthesis and Degradation 


Protein turnover, as well as the generation of protein damage, depends on the balance of 
protein synthesis and degradation processes. The more new proteins are synthesized, the more 
damage will be produced. Upon this consideration, one would expect that under favorable 
conditions (e.g., when nutrients are available) the activity of mechanisms that underlie protein 
breakdown also becomes elevated. Looking at autophagy as the main intracellular catabolic 
process, this is not the case. Its primary function is to provide macromolecular components 
(the products of lysosomal degradation, including amino acids and fatty acids) as an alternative 
energy source for fuelling the cells during starvation. Moreover, emerging evidence indicates that 
longevity pathways often downregulate the autophagic machinery (Fig. 5).”°? We discuss insulin/ 
IGF-1 signaling as a prominent example. Nutrient supply stimulates the insulin/IGF-1 receptor, 
which in turn activates the nutrient sensing TOR kinase through modulating the downstream 
PI3K(I)-PDK-Akt/PKB kinase cascade, FoxO and TSC1/2 (Fig. 4). Activated TOR blocks the 
initial stages of autophagy. Alternatively, FoxO directly modulates the transcription of several 
key autophagy genes.” Genetic epistasis analysis in worms could reveal these connections more 
evidently: expression of the long-lived phenotype in insulin/IGF-1 or TOR signaling deficient 
mutant animals was shown to require elevated activity of autophagy genes.”””l Similar to au- 
tophagy, the proteasome system appears to function downstream of and is negatively regulated 
by insulin/IGF-1 signaling to control aging.” Certain components of the Ras/Erk pathway also 
act as direct negative regulators of autophagy.** These results are consistent with the general 
observation that increasing the activity of longevity pathways by environmental (e.g., nutrition 
and elevated temperature or oxygen levels) or intrinsic (e.g., growth hormones and mitogens) 
factors leads to the accumulation of unrepaired cellular damage. This causes acceleration of the 
aging process and shortening of life span. 
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Figure 5. Interplay between molecular pathways mediating protein synthesis and degradation. 
A) Longevity pathways that promote protein synthesis downregulate the protein degradation 
machineries. This implies that conditions lowering protein synthesis to tolerable levels can 
lead to increased elimination of protein damages. Arrows indicate activations, bars indicate 
negative regulatory interactions. JNK1-mediated signaling is indicated by gray coloring as it 
acts as an anti-aging pathway. B) Protein turnover depends on the activity of protein synthesis 
and degradation processes. Molecular pathways that promote protein synthesis generally 
downregulate the degradation processes. It should be noted that the scheme is highly simpli- 
fied as it lacks regulatory inputs that, for example, the proteasome system exerts on these 
molecular pathways. 


Conclusion 

As discussed above, longevity pathways generally promote protein synthesis (Fig. 5). 
Inactivation or downregulation of such pathways confers life span extension in diverse eukaryotic 
species. Consistently, decreased protein synthesis rates in C. elegans also lengthen life span.! One 
might argue that this longevity response is due to reduced energy consumption. However, reduc- 
ing mRNA translation still extends life span in animals with lowered respiration. This suggests 
that protein synthesis affects aging independently of effects on energy consumption. Altering 
protein metabolism certainly has pleiotropic effects. However, we hypothesize that decreasing 
the rate of protein synthesis implies a lower incidence of the production of aberrant proteins. 
Damaged (misfolded, aggregated, crosslinked) proteins act as cellular toxins interfering with 
normal cellular functions. Such types of damage accumulate with a lower rate when growth rate 
is decreased. This assumption can be tested. For example, double mutant nematodes defective 
for both elF4E and a key autophagy gene should be generated (inhibition of elF4E lengthens 
whereas inactivation of autophagy shortens life span in this organism). If double mutants exhibit 
a short-lived phenotype, autophagy genes should mediate the effect that elF4E has on aging. 
This would support the cellular damage theory of aging. 
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CHAPTER 8 


Protein Metabolism and Lifespan 
in Caenorhabditis elegans 


Geert Depuydt, Jacques R. Vanfleteren and Bart P. Braeckman* 


Abstract 
ifespan of the versatile model system Caenorhabditis elegans can be extended by a decrease 
| of insulin/IGF-1 signaling, TOR signaling, mitochondrial function, protein synthesis 
and dietary intake. The exact molecular mechanisms by which these modulations confer 
increased life expectancy are yet to be determined but increased stress resistance and improved 
protein homeostasis seem to be of major importance. In this chapter, we explore the interactions 
among several genetic pathways and cellular functions involved in lifespan extension and their rela- 
tion to protein homeostasis in C. elegans. Several of these processes have been associated, however 
some relevant data are conflicting and further studies are needed to clarify these interactions. In 
mammals, protein homeostasis is also implicated in several neurodegenerative diseases, many of 
which can be modeled in C. elegans. 


Introduction 


C. elegans as a Model Organism 

Caenorhabditis elegans is a free-living soil nematode that was introduced in the mid 19605 by 
Sydney Brenner as a potent model organism to study animal development and neurology. Since 
its introduction, this anatomically simple nematode, whose body plan includes muscles, nervous 
system and digestive tract, has become a valuable and widely used research tool with a fully se- 
quenced and well annotated genome." C. elegans is principally a hermaphrodite, but males arise 
spontaneously at a frequency of about 0.1%. The ability to carefully orchestrate the crossing of 
hermaphrodites with males is especially useful for genetic studies. No inbreeding depression is 
present in C. elegans, which eliminates major complications when analyzing the genetics of life 
history traits such as lifespan.* The rapid lifecycle (three days), large progeny (+ 200) and short 
lifespan (two to three weeks) have been very advantageous for its use in aging (Fig. 1).7 C. elegans is 
easily cultured in large numbers and worm strains can be conserved indefinitely in liquid nitrogen. 
A single wild-type individual has an invariable body plan consisting of 959 somatic nuclei and the 
body is transparent during all life stages. These traits allow for detailed in vivo cellular studies dur- 
ing development and morphogenesis. Over the years, many powerful molecular genetic tools have 
become available for C. elegans research such as random mutagenesis, RNA mediated interference 
(RNAi) and transgenesis of fluorescent marker proteins for expression studies. For a large number 
of genes, well-characterized mutants are available at the Caenorhabditis Genetics Center (http:// 
biosci.umn.edu/ CGC/). Other valuable research resources include Wormbase (http://www. 
vvormbase.org), the C. elegans model organism database, Wormbook, a comprehensive reference 
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Figure 1. C. elegans lifecycle. The lifecycle can be broadly divided into an embryonic and 
a postembryonic development to adulthood. The latter consists of four larval stages (L1-L4) 
each separated by a molt. The total lifespan of C. elegans is approximately two weeks and 
highly dependent on ambient temperature and feeding conditions. In harsh conditions larvae 
will develop into an alternative L3: the dauer (“enduring”) stage. Dauer animals can survive 
for over three months without food and are stress resistant. When re-exposed to food, these 
dauers resume development, reproduce and age normally. 


book freely available online (http://www.wormbook.org) and RNAi feeding libraries that jointly 
cover approximately 86% of the genes in the C. elegans genome.”? 

Several genetic factors and environmental interventions have been shown to extend normal 
lifespan in C. elegans, thus providing an insight into the molecular mechanisms that govern aging. 
For example, reduced activity of the C. elegans insulin/insulin-like growth factor (IGF-1) tyrosine 
kinase receptor DAF-2 (DAuer Formation abnormal-2) or the downstream phosphatidylinosi- 
tol-3-OH kinase (PI3K), AGE-1, during adulthood, causes nuclear translocation of the forkhead 
(FOXO) transcription factor ortholog DAF-16/FOXO, thereby inducing several longevity 
promoting genes involved in stress resistance.'”'* Likewise, steroid hormone signaling from the 
reproductive system affects lifespan through DAF-16/FOXO../ Dietary restriction (DR), the sub- 
stantial decrease in food uptake without essential nutrient deprivation, extends C. elegans lifespan 
as well. The identification of DR-specific transcription factors in C. elegans such as PHA-4/FOXA 
and SKN-1/NRF2 may, if conserved, help to identify the mechanisms by which DR enhances 
longevity in vertebrates.'*!” Inhibition of the nutrient sensor TOR" and reduced mitochondrial 
respiration” have also been found to extend lifespan in C. elegans, independently of DAF-16/ 
FOXO. Recently, molecular processes that affect lifespan downstream of the signaling pathways, 
such as autophagy and mRNA translation, are starting to be characterized in C. elegans. 


The Protein Homeostasis and Longevity Hypotheses 


Error Catastrophe and Oxidative Damage Accumulation 

In 1963, Orgel” advanced the error catastrophe hypothesis of aging in which he suggested 
that, as an animal ages, there is an increased frequency of errors at the transcriptional and/or 
translational level of protein synthesis resulting in the synthesis of aberrant protein molecules 
and accumulation of partially or totally inactive enzymes. Orgel further hypothesized that once a 
critical level of faulty proteins is reached, death occurs. Indeed, in the 19705 the accumulation of 
catalytically incompetent forms of enzymes was reported for a variety of organisms (for a review see 
refs. 21-23), including nematodes.***” However, several groups later showed that the effect of aging 
on the fidelity of protein synthesis is surprisingly small,°!* thus contradicting Orgel’s hypothesis. 
Still, altered proteins do accumulate (within cells/tissues) with age and in 1956, Harman***” had 
already suggested that senescence is the result of the accumulation of damaged macromolecules 


Protein Metabolism and Lifespan in Caenorhabditis elegans 83 


due to constant attack by free radicals. The free radical theory of aging remains one of the most 
widely accepted hypotheses as to why organisms age. 


Protein Turnover Hypothesis 

Whereas powerful repair mechanisms exist for damaged DNA,5 only limited protein dam- 
age can be repaired.” Cells deal with irreversibly damaged proteins by replacing them through 
protein turnover. The potentially widespread deleterious effects of the accumulation of aberrant 
proteins on normal cellular function could contribute significantly to the aging process, “38445 
The amount of protein damage that accumulates with age is extensive. In aged individuals ap- 
proximately 40%-50% of all cellular proteins suffer some form of oxidative damage.“ In the 19708 
and 1980’s many investigators measured protein synthesis and protein degradation as a function 
of age in various tissues and organisms“! including nematodes.2%4%7 Overall, these studies showed 
that the average protein half-life increases significantly with age. These observations support an 
attractive alternative to the error catastrophe theory in that the increased “dwell time” of proteins 
(i.e., decreased protein turnover) with age results in an increased probability that proteins become 
post-translationally altered (oxidation, deamidation, glycation, racemization, isomerization),"*” 
denaturated” or misfolded® and accumulate instead of being replaced. The age-related decline in 
protein turnover is also thought to render cells less responsive to external stimuli and could explain 
why stress resistance in animals diminishes with age! 


Dietary Restriction, TOR Signaling and Protein Homeostasis 


Dietary Restriction 

One of the most exciting observations in the area of aging research is that dietary restriction 
(DR) consistently increases the lifespan and overall health in a wide variety of species from yeast, 
worms and flies to rodents by slowing down the aging process. Not only do these animals grow 
older, they also show a delayed onset of a wide range of age-related pathologies such as cancer, 
diabetes and cardiovascular disease in the case of mammals.” Possibly, the decrease of nutrient 
intake improves mitochondrial respiration and therefore, decreases free radical production, ef- 
fectively slowing down the age-related accumulation of oxidized proteins.* In accordance, several 
studies have shown that moderate DR leads to lower levels of oxidative damage to proteins”””” 
and macromolecules in general.*** In addition, DR also confers a general protective effect against 
proteotoxicity associated with misfolding or aggregation of proteins in C. elegans® and mice.°! 
Of note, the ability of DR to significantly slow down the age-related decline in protein turnover 
generally accompanies enhanced survival in metazoans.* Although the intensive study of DR 
over seven decades has resulted in a thorough description of its effects on physiology, senescence 
and age-related disease, the genetic pathways governing this lifespan increase and the molecular 
processes involved are only beginning to be understood. 


TOR 

Classic genetic analysis in yeast, worms and flies has assigned the highly conserved serine/ 
threonine kinase TOR as a downstream effector of the longevity response to DR.” TOR 
integrates nutritional and hormonal cues to modulate cell growth and proliferation.”” Reduced 
TOR signaling was shown to extend lifespan in yeast,”! Drosophila” and worms.'*® Deletion 
of the C. elegans TOR homolog, /zz-363/ TOR and its binding partner daf15/Raptor results in 
arrested L3 larvae that are distinct from dauers.187275 et-363/TOR(-) arrested larvae have a more 
than doubled lifespan compared to wild-type controls and a comparable lifespan extension is 
found when /et-363/TOR RNAi treatment is initiated at the first day of adulthood.'* No further 
increase in lifespan is observed in long-lived daf-2 mutant worms, although deletion of daf-16/ 
FOXO cannot suppress the longevity phenotype associated with let-363/TOR(RNAi), suggesting 
that these two pathways act in parallel or may converge downstream of daf-16/FOXO to extend 
lifespan.’* Heterozygote daf-15(-/+) nematodes were also reported to be long lived, but lifespan 
extension through daf-15 is dependent on functional DAF-16/FOXO.” In contrast, no obvious 
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lifespan extension was found in balanced /et-363(h111) heterozygous mutants or in let-363; daf-15 
double heterozygotes.” Mair and Dillin noted that /ez-363/TOR is part of an operon that also 
contains a transcription initiation factor TFIIIB (B0261.1) anda mitochondrial ribosomal subunit 
(B0261.4).* Collateral inhibition of gene sequences downstream the RNAi gene target within 
the same operon has been described.” Downregulation of TFIIIB is associated with larval arrest 
and lethality and RNAi of the mitochondrial ribosomal subunit B0261.4 was reported to extend 
lifespan independently of daf16/FOXO.*”** Therefore, dissection of the genetic pathway(s) 
downstream of /et-363/TOR remains a challenge. 


Reduced Protein Synthesis Extends Lifespan 

TOR regulates several processes that affect global protein turnover, including translation and 
autophagy, but also amino acid synthesis, ribosome biogenesis and transcription of ribosomal 
genes.” Therefore, these processes present likely candidates to be involved in lifespan extension by 
dietary restriction. An important downstream target of mammalian TOR is ribosomal S6 kinase 
1 (p70S6K).” Phosphorylation of the 40S ribosomal Só protein by p70S6K leads to a general 
increase in translation capacity, although the exact mechanism is still subject to debate.“ The 
impact of translation regulation on lifespan has been particularly well characterized in C. elegans 
(for an overview, see Table 1).51 Depletion of rsks-1/S6K, the C. elegans homolog of mammalian 
p70S6K and numerous translation initiation factors, including polyA-binding proteins, has been 
found to extend nematode lifespan.***” Reducing the level of any of a large number of ribosomal 
proteins or genes involved in ribosome biogenesis, such as zol-5, exos-3 and RNA polymerase I, 
also extend adult lifespan.®** Down-regulation of several transfer RNA (tRNA) synthetases has 
a beneficial effect on lifespan as well.** Interestingly, inhibiting mitochondrial translation also 
extends lifespan, independently of daf16/FOXO.” 

The mitochondrial genome encodes only 12 polypeptides, all of which are components of 
the electron transport chain and ATP synthase.” Thus, defects in the mitochondrial transla- 
tion machinery are likely to compromise mitochondrial electron transport and ATP synthesis. 
Inactivation of the mitochondrial leucyl-tRNA synthetase gene (/7:-2) or the mitochondrial 
ribosomal subunit B0261.4 results in disorganized, swollen and sometimes fused mitochondria 
along with substantially lowered ATP content and respiration rates. These long-lived worms are 
able to withstand heat-stress and hydrogen peroxide as well as or even better than control worms 
but they are hypersensitive to the NADPH-dependent superoxide generating herbicide paraquat, 
possibly due to elevated levels of NADPH in /s-2(RNAi) worms.” 

The mechanism by which reduced protein translation extends lifespan in C. elegans remains 
unanswered to date. Given that TOR controls protein homeostasis, it is tempting to assume 
that inhibition of translation would extend longevity by the same pathway as reduction of 
TOR-signaling. However, the genetic studies mentioned above have led to seemingly contradic- 
tory conclusions regarding the relationship between translation factors and TOR and insulin/ 


IGF-1 signaling (IIS). 


Lowering the Rate of Translation Induces Increased Stress Resistance 

The daf-16/FOXO transcription factor is a major regulator of the genetic response to starva- 
tion, heat and oxidative stress.” Indeed, long-lived IIS mutants display concomitant increase of 
stress resistance. In general, reduced protein synthesis significantly increases resistance to thermal- 
and oxidative stress compared to wild type. For example, RNAi induced reduction in the rate of 
protein synthesis in the short-lived, paraquat hypersensitive mev-1(kn1) mutant, which lacks a 
component of complex II of the mitochondrial electron transport chain, confers a marked boost in 
paraquat resistance"955 and also extends lifespan of mev-1 (kn) in one,” but not in another report. 
General suppression of translation by treatment with cycloheximide or by knockdown of genes 
encoding aminoacyl-tRNA synthetases was shown to rescue animals from hypoxia-induced cell 
death.” Moreover, resistance to hypoxia and the rate of translation were strongly inversely related. 
Interestingly, maximal resistance to hypoxia by suppression of translation requires the unfolded 
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protein response (UPR) for its full phenotypic expression. Hypoxia produces misfolded proteins 
that accumulate in the lumen of the endoplasmic reticulum (ER) and thereby activate the UPR.?! 
In mammalian cells, activation of the UPR results in the phosphorylation of the eukaryotic trans- 
lation initiation factor elF2o by the protein kinase-like endoplasmic reticulum kinase (PERK), 
thereby inhibiting translation of the majority of genes and cell-cycle progression.””” In contrast, 
elF2a phosphorylation also induces translation of approximately one-third of the UPR-dependent 
genes including, the activating transcription factor AT F4 (yeast GCN4). The PERK, elF2a, ATF4 
regulatory axis induces expression of genes involved in amino acid biosynthesis and transport, 
anti-oxidative stress response and proapoptotic functions.” It is proposed that under protein 
stress a reduction in translation, elicited by the UPR, reduces the unfolded protein load to a level 
manageable by the UPR.” 


Protein Synthesis and Reproduction 

Reduced protein synthesis and TOR signaling significantly affect growth and fecundity 
(Table 1), suggesting that longevity and reproduction may be coupled and that the relocation 
of resources away from reproduction in favor of maintenance and repair could extend lifespan.”” 
Tohyama interpreted the failure of elF2Bö RNAi treatment to extend the lifespan of germline 
defective g/p-4(bn2)I nematodes as an example of such trade-offs.** However, a lack of germline 
(elp-4(bn2)1) did not suppress the effect of ife-2/eIF4G deficiency on animal lifespan* and Hansen 
et al (2007) reported significant lifespan extension of sterile (fer-15(626)IL; fem-1(he17)II) 
animals treated with ribosomal protein RNAi. Furthermore, none of the RNAi treatments that 
inhibit translation further increases the lifespan of daf-2 mutants (Table 1), whereas gonad abla- 
tion doubles the long lifespan of daf2 mutants.” Finally, lifespan extension following germ line 
removal is dependent on daf-16/FOXO,”* whereas several translation-inhibiting RNAi treatments 
(e.g., ribosomal subunits) extend lifespan independently of daf-16/FOXO. Therefore, reduced 


brood size per se cannot explain lifespan extension of translation deficient worms. 


Protein Synthesis and Mitochondrial Dysfunction 

Reduced mitochondrial respiration in C. elegans can extend lifespan. To test whether 
reduced protein synthesis extends lifespan by reducing respiration rates, respiratory mutants 
isp-1 (iron-sulfur protein-1, a subunit of the mitochondrial complex III) and clk-1 (clock abnor- 
mality-1, a gene required for ubiquinone biosynthesis),/9” were treated with RNAi of ribosomal 
proteins, rsks-1/S6K, ife-2/elF4E, ifg-1/ elF4G.°*34 All RNAi clones tested further extended 
the lifespan of these mutants. Therefore, decreased respiration and translation probably extend 
lifespan independently. 


19,77,99 


Translation Initiation 


Complex Interaction between Translation Initiation Factors, 


TOR Signaling and DR 

The FOXA/HNF-3-related transcription factor PHA-4 is required for DR induced longev- 
ity in C. elegans. Moreover, let-363/TOR and rsks-1/S6K antagonize pha-4/FOXA to control 
postembryonic development./“19) Inversely, PHA-4/FOXA activity is required for lifespan ex- 
tension and even survival of the animal in response to decreased or inactivated TOR signaling.’ 
Surprisingly, in contrast to TOR and rsks-1/S6K, ife-2/elF4E does not rely on PHA-4/FOXA 
activity to prolong lifespan. In addition, rsks-1/S6K and /et-363/TOR, but not ife-2/eIF4E, can 
suppress pha-4/FOXA associated larval lethality. These data suggest that ife-2/eIF4E and possibly 
additional transcription initiation factors might be separated from the /et-363/TOR, rsks-1/S6K, 
pha-4/FOXA regulatory axis. Indeed, depletion of ifé-2/eIF4E further extends lifespan in a let-363/ 
TOR deficient background. In addition to ife-2/eIF4E, depletion of ifg-1/elF4G was found to 
further extend the long lifespan of rsks-1/S6K(RNAi) and /et-363/TOR(RNAi) nematodes and 
iftb-1/e1F28 RNAi further extends the lifespan of rsks-1(sv31) mutants. 
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TORRNA iin young eaz-2 mutant adults —a genetic model for dietary restriction in C. elegans— 
does not further extend lifespan.””"? If DR-induced longevity would only depend on reduced 
protein synthesis by TOR-inhibition one would expect that reducing translation by any other 
means in animals subjected to DR would probably not further extend lifespan. However, several 
groups have consistently shown that reduced protein synthesis further extends lifespan of eat-2 
deficient vvorms. (9535558 Likewise, inhibition of either i/g-1/eIF4G or rsks-1/S6K significantly 
increases survival under starvation conditions." 

In C. elegans, the NAD*-dependent histone deacetylases SIR-2 (sirtuin-2) is also not required 
for lifespan extension by reduced protein synthesis.**** Indeed, RNAi of several translation 
initiation factors, ribosomal proteins, /et-363/TOR and rsks-1/S6K were all able to extend the 
lifespan of short-lived s/7-2 mutants. Although, SIR-2 activity has been associated with the response 
of DR in yeast, worms and flies,'°*!°° the role of sirtuins in DR is strongly contested within the 
field of aging research. Another major output of TOR signaling is the inhibition of autophagy 
induction. Autophagy and maybe not protein synthesis, might embody a major process that drives 
DR induced longevity. 


Interaction between Translation Initiation Factors with IIS 

Like TOR, rsks-1/S6K and ribosomal proteins extend lifespan of daf-16/FOXO mutants, 
but not those of daf-2 mutants.”” Surprisingly, unlike data on ribosomal proteins, several groups 
have founda genetic interaction between translation initiation factors and daf-16/FOXO.% 458° 
However, an equal number of reports did not find such interactions.?5833788 Unfortunately, these 
contradictions are not easily resolved by obvious differences in the experimental procedures. For 
example, the Johnson group reported that RNAi-induced depletion of/72-7 /elF26 or ifg-1/eIF4G 
throughout development extends lifespan independently of daf-16/FOXO, whereas RNAi inhibi- 
tion initiated at young adulthood requires daf- 76/FOXO to extend lifespan.” Therefore, inhibition 
of translation initiation factors could have differential effects depending on life-stage. However, 
two other groups reported a daf-16/FOXO independent lifespan extension when young adult 
worms were treated with ifg-1/eIF2{ RNAi Also, the use of different daf-16/FOXO alleles 
seems inadequate to explain conflicting results among research groups (Table 1). For example, intact 
DAF-16/FOXO has been shown to be required for lifespan extension of i/g-1/eIF4G RNAi worms 
in one study® but was found dispensable in another. Inhibition of the translational machinery is 
capable to affect DAF-16/FOXO nuclear localization and by consequence induces the expression 
of several known daf-16/FOXO reporter genes, such as sod-3, hsp-16.2, hsp70 and hsp90.°°*°8” 
Although these findings do not prove a direct regulatory interaction between components of the 
translation machinery and insulin signaling, they do suggest that a daf-16/FOXO-dependent stress 
response could account for some the observed lifespan extensions by reduced protein synthesis. 
However, the group of Ruvkun showed that although RNAi targeting protein synthesis does not 
require functional DAF-16/FOXO to extend lifespan, inactivation of some of these genes can 
induce nuclear localization of DAF-16/FOXO and consequently drive expression of sod-3.°” 


A Model for Translation Inhibition Induced Longevity 

Hansen et al (2007) reported that depletion of ribosomal proteins extends lifespan of daf-16/ 
FOXO mutants, but not daf-2 mutants. In contrast, in their hands, lifespan extension by RNAi of 
all translation initiation factors tested (/72-/ /elF26, ife-2/eIF4E and ifg-1/eIF4G) was completely 
dependent on DAF-16/FOXO and even slightly shortened the lifespan of the long-lived daf-2 
mutant. These findings suggest that inhibition of translation initiation not only engages DAF-16/ 
FOXO butalso blocks all of the DAF-16/FOXO-independent mechanisms of lifespan extensions 
that result from reduced protein synthesis.” In an attempt to resolve these issues, Hansen et al 
(2007)® proposed a switch-like model, in which the activation of a DAF-16/FOXO-dependent 
pathway suppresses the operation of the DAF-16/FOXO-independent pathway (i.e., lifespan 
extension by reduced protein synthesis per se), although the molecular mechanism underlying 
such interaction has not been specified. Others have suggested that a negative feedback loop 
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Figure 2. Interactions among insulin/IGF-1-signaling and TOR-signaling pathway and their 
relation to protein homeostasis and longevity. Arrows depict positive regulation and capped 
lines denote negative regulation. Dashed lines represent predicted interactions. 


between daf-16/FOXO and TOR-signaling could explain the claims of genetic interaction be- 
tween translation initiation factors and daf-16/FOXO (Fig. 2). Indeed, daf-16/FOXO negatively 
regulates daf-15 and thus TOR-signaling, as described by Jia et al (2004).” Therefore, inactivation 
of daf-16/FOXO may increase TOR activity in C. elegans, which is predicted to boost translation 
and thereby suppress the long life phenotype of ife-2/eIF4E mutants. Secondly, this negative feed- 
back loop would also explain the lack of additive effect in the long-lived double mutant /ez-363; 
daf-2, although /et-363/TOR appears largely independent of IIS. Indeed, constitutive activity of 
DAF-16/FOXO in daf-2 mutants could decrease TOR activity in such a way that lifespan of daf-2 
single mutants resembles that of daf-2; /et-363 double mutants.'”' In agreement with such a model, 
daf-2 mutants do show significantly more reduced protein synthesis rates with age compared to 
wild-type (own unpublished results) and also display a DR-phenotype.’” Alternatively, ife-2/eIF4E 
or other translation initiation factors impinge on daf-16/FOXO more directly, or induce a general 
stress response that activates DAF-16/FOXO. Translation initiation factors have been associated 
in mediating specific stress responses. e1F2o. is a well known phosphorylation target in response 
to various stresses including, amino acid starvation, ER-stress and viral infection in yeast and 
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mammals, causing general suppression of protein synthesis and upregulation of autophagy.”*!°°1"° 


In 8. Pombe one of two elF4E homologs is also associated with the stress response by modulating 
the translational efficiency of a subset of mRNAs." 


HSF-1 Mediated Defense against Proteotoxicity 

The C. elegans transcription factor HSF-1 is a highly conserved, ubiquitously expressed 
transcriptional regulator of stress inducible heat shock genes, many of which encode molecular 
chaperones and components of the protein degradation machinery. Inhibition of HSF-1 func- 
tion has been shown to lead to a decreased lifespan and an accelerated aging phenotype in C. 
elegans, whereas overexpression of HSF-1 results in a lifespan extension dependent on the pres- 
ence of DAF-16/FOXO. Conversely, lifespan extension via reduced insulin/IGF-1 signaling 
requires HSF-1 activity next to DAF-16/FOXO."?15 Overexpression of individual molecular 
chaperones under HSF-1 transcriptional control, including members of the Hsp70 and small 
heat shock protein (shsp) gene families such as HSP-16, in Drosophila and C. elegans have been 
shown to extend lifespan, whereas knockdown of individual shsp genes shorten the lifespan of 
long-lived daf-2 mutants. "2115116 The existence of sequences identical to both DAF-16/FOXO 
and HSF-1 consensus binding sites upstream of many shsp genes!” and the increased shsp expres- 
sion in IIS pathway mutants”! indicate that HSF-1 and DAF-16/FOXO function in concert 
to extend lifespan, at least in part, by increasing shsp gene expression. sHSPs are known to form 
large oligomers that bind to unfolded proteins and prevent them from aggregating,"715 In aging 
animals this may prevent oxidized or otherwise damaged proteins from aggregating before they 
can be refolded or degraded. An important role for HSF-1 in the protection against proteotoxic- 
ity has been observed in transgenic nematodes engineered to express human proteins associated 
with neurodegenerative diseases such as Alzheimer’s, Huntington’s and Parkinson’s disease.!!”!”° 
A common trait with most of these age-associated neuropathologies is the aggregation of specific 
proteins that is believed to be toxic and to underlie the disease pathology (i.e., proteotoxicity). 
A progressive paralysis with age is seen in transgenic nematodes expressing beta amyloid peptide 
AB. (Alzheimer’s disease), polyglutamine tract expansion Q;;YFP (Huntington's disease) or an 
aggregation prone GFP (GFP-degron) in the body wall muscles.''”!”! Both reduced IIS and DR 
were shown to protect extensively against proteotoxicity in all models tested (AB, QssYFP and 
GFP-degron) and these animals remained largely paralysis-free or showed a significantly delayed 
onset of paralysis.60.122:125 A similar improvement in the progression of neurodegeneration in mouse 
models has been observed.% Both reduced IIS and DR were found to require functional HSF-1 to 
confer increased protection against proteotoxicity.'” An interesting observation is that, although 
animals subjected to DR or decreased IIS show increased protection against proteotoxicity, no 
apparent difference was found in either size or number of Q3;YFP or Ağ,, proteotoxic aggre- 
gates.%%122 Cohen and colleagues showed that the transcriptional output of HSF-1 and DAF-16/ 
FOXO due to reduced daf-2 signaling differently affects the fate of an aggregation-prone protein. 
HSF-1 was found to prevent the formation of aggregation-prone peptides into toxic oligomers, 
likely by elevating the levels of protecting molecular chaperones, whereas DAF-16/FOXO seems 
to enhance the formation of large, inert aggregates from toxic oligomers. Although, both activi- 
ties seem paradoxal, Cohen et al suggest a hierarchical mechanism in which low molecular weight 
oligomers are transformed into high molecular weight aggregates of lower toxicity by the action 
of DAF-16/FOXO, only after the preferred route of efficient disaggregation of toxic oligomers 
by action of HSF-1 is overtaxed under these pathological conditions. These findings seem to be in 
accordance with several lines of evidence that inclusion bodies are not the main cause of toxicity 
and probably represent a cellular protective response.124125 

In mammalian and human Alzheimer brains elevated levels of several small heat shock proteins 
(shsp) have been observed and colocalize with B-amyloid (Af) protein depositions./”” In a transgenic 
C. elegans Alzheimer’s disease model, overexpression of HSP-16.2, a C. elegans chaperone protein 
homologous to oB crystalline under control of HSF-1, suppresses proteotoxicity associated with 
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human Ağ.” C. elegans does not naturally produce the Af-peptide, so the interaction of HSP-16.2 
and Af likely results from a general function of HSP-16.2 to bind (potentially toxic) intermediate 
multimers and prevent the formation of toxic oligomer species. 

Although reduced IIS and DR both are capable of eliciting enhanced protection against 
age-related proteotoxicity in a sf 1-dependent manner, the mechanism by which they do so seems 
to be different. Whereas IIS requires the activity of both daf-16/FOXO and hsf 1, DR only requires 
hsf-L, but daf- 16/FOXO is expendable. Hsu and colleagues showed that dietary restriction (eat-2 
mutants) extends lifespan of Asf-J treated animals, which suggests DR acts in parallel to bsf-J to 
modulate longevity.'’” In a hypothesis put forward by Steinkraus et al, DR and Psf 1 could act in 
parallel to promote longevity, both contributing to improved protein homeostasis. While hsf-1 
regulates the expression of molecular chaperones, DR could contribute to protein homeostasis by 
enhancing protein degradation (e.g., autophagy) and/or modulating mRNA translation, in effect 
enhancing protein turnover. Another possibility put forward is that HSF-1 functions together 
with one or more other transcription factors in conferring the phenotypes associated with DR. 
Two such transcription factors required for most regimes of DR, sku-1/NREF2 and pha-4/FOXA 
are attractive candidates for such co-operation.” Interestingly, in yeast, activation of hsf-1 results 
in reduced TOR activity.'* Perhaps in C. elegans a similar mechanism is conserved in which 
HSF-1 can inhibit TOR-signaling resulting in several shared phenotypes between reduced IIS 
and DR. Further studies are necessary to clarify the precise relationship between 2/77 and DR 
and TOR-signaling. 


Autophagy 
Autophagy Regulates Aging in C. elegans 


Autophagy 

In C. elegans there is clear evidence that longevity is closely linked to the capacity of the 
cell to regulate autophagic activity, another downstream target of TOR-signaling (Table 2). 
Macroautophagy (hereafter referred to as autophagy) is a major cellular catabolic process conserved 
in all eukaryotic cells that involves the degradation and recycling of cellular material and organelles 
by the lysosomal system.’ Together with the ubiquitin-proteasome system (UPS), autophagy is 
responsible for the basal turnover of cellular material within the cell, but during cellular stress such 
as starvation, autophagic cellular self digestion is strongly upregulated in an attempt to maintain 
cellular energy and reclaim homeostasis. For example, in the yeast Saccharomyces cerevisiae, au- 
tophagy is essential for survival during starvation and sporulation.'*° 


Autophagy Is Required for Longevity in IIS Mutants 

Meléndez was the first to show that in C. elegans autophagy genes are essential for completion 
of normal dauer morphogenesis and that 2ec-/ (the C. elegans ortholog of the yeast and mammalian 
autophagy genes ATG6/VPS30 and beclin 1, respectively) is required for the longevity phenotype 
of daf-2 mutant animals.51 daf-2(-) animals have markedly increased levels of autophagic activity, 
implying that insulin signaling negatively regulates the induction of autophagy./”" Besides bec-1, 
inactivation of other autophagy genes including, atg-7, atg-18, lgg-1, unc-S1 and lgg-3 were also 
shown to negatively affect the longevity phenotype of daf-2 mutants, emphasizing the importance 
of autophagy in the regulation of worm lifespan. 57153 In C. elegans, reduced IIS is thought to 
regulate autophagic induction, in part by inhibiting the DAF-16/FOXO-dependent suppres- 
sion of daf-15/Raptor and thus silencing TOR kinase signaling.” Arrested L3 larvae deficient of 
TOR and long lived daf-15/Raptor heterozygotes indeed have elevated levels of autophagy which 
is also required for their long lifespan./55155 Therefore, autophagy may be a major target of the 
TOR kinase signaling pathway in modulating the lifespan of C. elegans along with normal larval 


development and dauer formation. 
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Autophagy and DR 

In yeast, worms and flies dietary restriction extends lifespan, at least in part, by downregulating 
TOR-signaling.°”*! The survival of wild-type worms during starvation was found to be depen- 
dent on autophagy and autophagic activity is increased in several feeding-defective C. elegans 
(eat-) mutants as well as in worms subjected to DR.134:157 This suggests a role for autophagy in 
DR- induced longevity. Indeed, autophagy genes were found to be epistatic to the long lifespan of 
both eat-2(ad1113) and eat-2(ad1116) mutant vvorms, "775 The long lifespan of eat-2(ad1116) 
mutants requires the activity of the FOXA transcription factor pha-4/FOXA which was shown to 
bea downstream target of /et-363/TOR, rsks-1/S6K-signaling and essential for lifespan extension 
in response to DR.'*!" Hansen and colleagues showed that induction of autophagy in response 
to DR requires PHA-4/FOXA activity, indicating that autophagy is a transcriptionally regulated 
response to food limitation. Unfortunately, the genes downstream of PHA-4/FOXA that regulate 
autophagy have not yet been identified.'® Taken together these results imply that IIS, TOR and DR 
extend lifespan, at least in part, by converging on autophagy to promote longevity in C. elegans. 


Autophagy and p53 

Autophagy was also shown to mediate the lifespan extending effect of loss-of-function in 
cep-1, the C. elegans ortholog of the tumor suppressor protein p53.13%132 In Drosophila expression 
of dominant negative forms of the p53 ortholog Dmp53 in adult neurons extends lifespan by 
inhibiting insulin signaling, suggesting that cep-J might affect aging in C. elegans to some extent 
by endocrine signaling.'*° Indeed, there are some indications that also in worms, lifespan extension 


by cep-1 requires functional DAF-16/FOXO.'” 


Interaction between DR, IIS and Autophagy 

Despite the seemingly rejuvenating effect of autophagy on overall organismal physiology, au- 
tophagy is neither sufficient nor required to extend lifespan in C. elegans. Hansen and colleagues 
showed that daf-16/FOXO is dominant over autophagy to extend lifespan of daf-2 mutants, in spite 
of increased autophagy in the absence of daf-16/FOXO. However, direct measurements of functional 
autophagic activity in daf-2(-); daf-16 (-) double mutants have not been performed. “5 Moreover, Pan 
etal and Hansen etal reported that long-lived mitochondrial respiratory chain mutants clk-J and isp-1 
do not require autophagy for their long lifespan and inhibiting protein synthesis in well-fed animals 
extends lifespan in the absence of autophagy.**!* In contrast, Töth et al found that lifespan extension 
of respiration impaired c/k-J and atp-3 required autophagy.'** Taken together, these observations 
suggest that additional processes beyond autophagy must be involved in lifespan extension. Finally, 
excessive activation of autophagy can also negatively affect survival of C. elegans during starvation as 
it damages tissues critical for survival, such as pharyngeal muscle cells."7 

‘The finding by Hansen that reduced IIS induces autophagy independently of DAF-16/FOXO, 
but requires both DAF-16/FOXO and increased autophagy to extend lifespan is intriguing in several 
ways. First, it contrasts with dietary restriction where autophagy'® but not DAF-16/FOXO "2.51 
is required to extend lifespan, which suggests that autophagy modulates lifespan in IIS mutants, at 
least in part, by a different mechanism compared to DR. Secondly, these results imply that reduced 
protein synthesis in response to DR is not sufficient to extend lifespan in the absence of autophagy, 
whereas inhibiting translation in well-fed worms is."? Hansen and colleagues therefore suggest that 
disrupting protein synthesis in well fed animals might trigger a novel, lifespan extending pathway 
that is not triggered by dietary restriction/TOR.'® Indeed, the lifespan of ea#2 mutants is further 
extended by direct protein synthesis inhibition but not by TOR-inhibition.*** However, further 
work is needed to explore these suppositions in more detail. Finally, these results suggest that cross-talk 
may exist between IIS and TOR-signaling upstream of DAF-16/FOXO in C. elegans. 


Autophagy and Neuropathology 

Besides starvation, autophagy is also upregulated by other forms of stress, such as the accumu- 
lation of intracellular protein aggregates, associated with aging and numerous neurodegenerative 
disorders.” In fact, the pathological accumulation of autophagosomes and autophagosome-like 
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structures in brains of patients with central nervous system (CNS) disorders such as Alzheimer’s, 
Parkinson’s and Huntington’s disease raises the question as to the (etiologic) role for autophagic 
(dys-)function in these disease conditions. “717 Therefore, the effect of autophagy on the degra- 
dation of protein aggregates was investigated in cell- and animal models using pharmacological 
inducers and inhibitors of autophagy.'® For example, autophagy was shown to be involved in the 
clearance of polyglutamine (polyQ) aggregates in vitro and treatment of mice and Drosophila with 
rapamicyn (a potent inhibitor of TOR activity) protected against Huntington's disease, “9177 


Huntington and Alzheimer 

In C. elegans models for neurodegenerative disorders, autophagy genes were found to protect 
from, or significantly delay, the onset of proteotoxicity.'4*1*° Genetic impairment of autophagy 
results in increased size and number of polyglutamine (polyQ) aggregates in neurons and muscles, 
indicating an essential in vivo role for autophagy in the suppression of aberrant polyQ protein 
induced proteotoxicity.'*! Abnormal accumulation of immature autophagosomal vacuoles in 
Alzheimer brains suggests that autophagic activity may be severely compromised in this disease.’*! 
‘Transgenic expression of human B-amyloid peptide (AB) in C. elegans muscle also causes accumu- 
lation of autophagosomal vesicles, thereby mimicking Alzheimer brains.’*° Reduced IIS in this 
strain was shown to promote autophagic degradation of AB protein accompanied by a significant 
reduction in the accumulation of autophagosomes and a markedly delayed onset of worm paralysis. 
The favorable effect of reduced IIS on Af toxicity therefore seems to originate from promoting 
proper completion of autophagy and consequent degradation of Ağ. 


Parkinson’s Disease 

Parkinson’s disease is characterized by the progressive loss of dopaminergic nigrostratial neu- 
rons in the brain, along with the accumulation of proteins in so called Lewy bodies. Genomic 
multiplication of a-synuclein (a-syn) results in Parkinson’s disease and is central to the formation 
of Lewy bodies./?? Besides a-syn, torsinA also accumulates in Lewy bodies acting as a molecular 
chaperone-like protein together with heat shock proteins to suppress aggregation./?5155 Also, a 
specific mutation in torsinA is linked to the autosomal-dominant heritable movement disorder 
Oppenheim’s dystonia.! Using C. elegans as a model organism to examine the role of torsin 
activity, overexpression of both human and nematode torsin proteins results in a dramatic reduc- 
tion of polyQ-dependent protein aggregation.”” In addition, overexpression of for-2, one of 
three C. elegans homologues of human torsinA, ameliorates the formation of a-syn aggregates in 
nematode body-wall muscle cells.” A genome-wide RNAi screen in worms overexpressing hu- 
man a-syn identified 80 C. elegans genes of which expression influences the formation of o-syn 
inclusions.'** Approximately half of these have an established human ortholog. Quality control 
and vesicle-trafficking genes expressed in the ER/golgi complex and vesicular compartments were 
overrepresented and several molecular modulators of lifespan were identified. A similar systematic 
RNAiscreen identified worm othologs of known familial Parkinson’s disease genes such as pdr-1/ 
parkin, djrl.1/DJ-1, pink-1/PINK1, zhr-6/NURRI and also tor-2. Several autophagy-related 
genes were identified, such as zzzc-57, atg-7, vps-34, İgg-3 and /gg-1. A highly conserved protein 
that demonstrated high neuroprotective capacity was C. elegans VPS41. In S. cerevisiae, VPS41 
is involved in trafficking from the trans-Golgi to the vacuole/lysosome.'’” Together these results 
suggest a significant role for lysosomal function in maintaining homeostatic balance in response 
to excessive o.-syn. Microarray of a-syn overexpressing nematodes also revealed upregulation of 
seven genes that function in the UPS along with 35 genes involved in mitochondrial function.' 
Inhibition of the proteasome and dysfunctional mitochondria have indeed been linked to the 
formation of a-syn inclusions and degeneration of dopaminergic neurons in mammals.'°"! 


Autophagy and Neuronal Cell Death 

Many studies have reported an increase in markers of autophagy following hypoxic-ischemia in car- 
diac myocytes and cerebral neurons.'*' Both cell protective and cell death promoting properties have 
been attributed to autophagy in different models and experimental contexts, obscuring the functional 
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significance of autophagy under these conditions. In C. elegans it was found that blocking autophagy 
is deleterious for the survival of C. elegans following a severe anoxic insult and worsens the cellular 
pathology seen after anoxia.'® Interestingly, mutation in both apoptotic- or ion-channel-mediated 
necrotic cell death pathways abrogates the anoxia-hypersensitive phenotype in autophagy-deficient 
nematodes. This suggests a cytoprotective role for autophagy following anoxic insult by preventing 
apoptotic and necrotic cell death in C. elegans.'©® In contrast, a considerable body of literature re- 
ports that macroautophagy is also a cell death (promoting) mechanism.'” For example, in C. elegans, 
gain of function mutations in genes that encode specific ion channel subunits such as the degenerins 
DEG-1, MEC-4 and the acetylcholine receptor subunit DEG-3 lead to toxic ion-channel induced 
necrotic cell death of a subset of neurons that can be substantially prevented by inactivation of au- 
tophagy.'*!® The role for autophagy in the survival of neuronal cells under pathological conditions 
thus seems to be dependent on the type of insult and specific cellular environment.'” 


Proteasome Function in Proteotoxicity and Longevity 

The ubiquitin proteasome system (UPS) degrades oxidatively damaged and misfolded proteins 
and prevents their accumulation in insoluble aggregates./”" In addition, the attachment of ubiquitin 
molecules by ubiquitin ligases marks specific proteins for degradation by the proteasome. Ubiquitin 
ligases regulate several cellular processes by controlling the concentration of key regulatory proteins 
in diverse molecular pathways.'” For example, the ubiquitin ligase E3 can modulate the stability 
of DAF-16/FOXO thereby determining worm lifespan. 73173 

Impairment of general proteasome function, by depleting several structural and enzymatic 
subunits, shortens C. elegans lifespan'”*'” and causes the nuclear localization of the SKN-1/ 
NRT32, a functional ortholog of the mammalian transcription factor NRF2, which is involved in 
the oxidative stress response.'”° 

AIRAP (arsenic-inducible proteasomal 19S regulatory particle-associated protein) modulates 
the 26S proteasome to counteract proteotoxicity induced by an environmental toxin.” Worms 
lacking aip-1, a homolog of mammalian AIRAP, develop normally but exhibit a shortened 
lifespan.! In addition, aép-1(-) promotes the accumulation Q,;-YFP in SDS-resistant aggregates 
and accelerates Ağ, 49 induced paralysis. Therefore, aip-J links cellular resistance to proteotoxicity 
and the maintenance of normal lifespan. 


Conclusion 

A strong correlation between macromolecular damage and age has been observed in many species, 
including C. elegans. This damage likely occurs through the interaction of naturally produced free 
radicals with their immediate intracellular environment. The constant turnover of proteins through 
autophagy and the proteasome constitutes the main mechanism by which a cell can clean itself from 
protein damage, thereby maintaining proteome integrity. As the protein translation and degradation 
capacity of cells diminishes with age, the turnover of aberrant proteins becomes compromised. In 
turn, this contributes to the general deterioration of cellular homeostasis seen during senescence. In C. 
elegans, dietary restriction and reduced insulin/IGF-1 signaling rely upon the induction of autophagic 
activity to extend lifespan. Also, in several age-related neurodegenerative disease models in C. elegans, 
elevated levels ofautophagy protect from or delay the formation of toxic protein aggregates. Similarly, 
the expression of molecular chaperones, many of which are under control of insulin/IGF-1 signaling, 
promotes longevity and offers protection against aggregation-induced proteotoxicity. These findings 
advocate a major role for protein homeostasis in senescence and age-related diseases. 

Increased protein turnover is by definition associated with increased protein translation. 
However, in C. elegans, a reduction in protein synthesis has a beneficial effect on lifespan. Interaction 
between translation initiation and the insulin/IGF-1 signaling or other stress-response pathways 
may be, at least in part, responsible for the observed lifespan extension and increased stress resis- 
tance. Unraveling the exact genetic interplay and mechanism by which reduced protein synthesis 
confers longevity constitutes the focus of current research efforts in several C. elegans aging labora- 
tories. Similarly, autophagy has only recently claimed a central role in the aging process. Therefore, 
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several questions remain open for future research endeavors. For example, mitophagy, the selective 
engulfment and degradation of mitochondria by lysosomes, could, if conserved, have a major 
impact on the aging process. Also, the effect of recycling of amino-acids and/or other degradation 
products on lifespan extension is currently unknown. This recycling process is a hallmark for animal 
survival during prolonged periods of starvation. Moreover, the molecular mechanisms underlying 
recycling itself are still poorly understood in general and deserve further attention. 
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CHAPTER 9 


Mitochondrial Protein Quality Control 
Systems in Aging and Disease 


Karin Luce, Andrea C. Weil and Heinz D. Osiewacz* 


Abstract 

reserving the integrity of proteins, biomolecules prone to molecular damage, is a fundamental 
P function of all biological systems. Impairments in protein quality control (PQC) may lead 

to degenerative processes, such as aging and various disorders and diseases. Fortunately, cells 
contain a hierarchical system of pathways coping protein damage. Specific molecular pathways 
detect misfolded proteins and act either to unfold or degrade them. Degradation of proteins gener- 
ates peptides and amino acids that can be used for remodelling of impaired pathways and cellular 
functions. At increased levels of cellular damage whole organelles can be removed via autophagy, 
a process that depends on the activity of lysosomes. In addition, cells may undergo apoptosis, a 
form of programmed cell death, which in single-cellular and lower multicellular organisms can 
lead to death of the individual. 

Molecular damage of cellular compartments is mainly caused by reactive oxygen species (ROS). 
ROS is generated via different cellular pathways and frequently arises in the mitochondrial electron 
transport chain as a by-product of oxygenic energy transduction. Consequently, mitochondrial 
proteins are under high risk to become damaged. Perhaps for this reason mitochondria contain a 
very efficient PQC system that keeps mitochondrial proteins functional as long as damage does 
not reach a certain threshold and the components of this system themselves are not excessively 
damaged. The mitochondrial PQC system consists of chaperones that counteract protein aggrega- 
tion through binding and refolding misfolded polypeptides and of membrane-bound and soluble 
ATP-dependent proteases that are involved in degradation of damaged proteins. During aging and 
in neurodegenerative diseases components of this PQC system, including Lon protease present 
in the mitochondrial matrix, become functionally impaired. 

In this chapter we summarise the current knowledge of cellular quality control systems with 
special emphasis on the role of the mitochondrial PQC system and its impact on biological aging 
and disease. 


Introduction 

Cellular proteins may become damaged at any point during a cell’s life cycle, resulting in misfolding 
and aggregation, which eventually leads to cellular dysfunction, degenerative disorders, disease and ag- 
ing. Living systems contain various molecular pathways to repair, stabilize and refold affected proteins. 
These pathways control the levels of damaged and misfolded proteins, thus keeping the cells and tissues 
functional. However, if nonfunctional proteins accumulate wihin the cell (e.g., due to an increased 
production of damaged proteins), they are detected and degraded by a proteolytic system.! 
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Table 1. Overview of known mitochondrial chaperones and proteases involved in 
protein quality control and the maintenance of mitochondrial functions 


Component Name Localization Function 
Protease Lon Matrix Degradation/ 
processing 
Protease Clp (Protease Subunit) Matrix Degradation 
Protease İ-AAA Inner membrane Degradation/ 
processing 
Protease m-AAA Inner membrane Degradation/ 
processing 
Protease Rhomboid Inner membrane Processing 
Protease HtrA2/Omi Intermembrane space Processing 
Chaperone Hsp60 Matrix Folding/refolding 
Chaperone Hsp70 Matrix Folding/refolding 
Chaperone Hsp78 Matrix Folding/refolding 
Chaperone ClpX (Hsp100) Matrix Folding/refolding 
Chaperone Prohibitins Inner membrane Binding/processing 


In the cytoplasm of all eukaryotes the proteasome represents the major proteolytic protein 
quality control (PQC) system. Degradation by the proteasome requires ATP to drive the unfolding 
and translocation of a polypeptide substrate into a chamber of sequestered proteolytic active sites.” 
Substrates are either recognized by the proteasome through post-translational ubiquitination of 
one or more lysine residues, a process requiring several enzymatic steps, or reach the proteasome 
directly by chaperone-mediated delivery. In addition to the cytoplasm, the proteasome is also 
active in the nucleus, but is not seen in any other cellular organelles. Damaged proteins in these 
compartments can undergo proteasome independent degradation, or may be still be degraded by 
the proteasome, if transported to a site where proteasome is present. This mechanism is utilised 
for proteins of the endoplasmatic reticulum (ER) that require the activity of an ER-associated 
degradation (ERAD) system. 

Damaged proteins can also be degraded by autophagy, a process defined as the main mechanism 
of selective removal of whole organelles via the activity of lysosomes.’ In recent years it has become 
clear that removal of mitochondria by autophagy, termed ‘mitophagy, is the main mechanism 
of mitochondrial protein turnover. The activation of mitochondrial permeability transition 
and the subsequent loss of the membrane potential is a signal for the induction of mitophagy. 
However, before mitophagy becomes induced, a threshold level of intra-mitochondrial protein 
damage and protein aggregation needs to be reached. Below this level a number of chaperones and 
ATP-dependent proteases control protein homeostasis in the mitochondria and thus prevent or, 
at least, delay the induction of mitophagy (Table 1). 

Two major pathways are known to remove damaged proteins from mitochondria and avoid 
irreversible protein aggregation. Firstly, chaperones recognize misfolded proteins, bind and try 
to refold them into their native form thus reconstituting protein function. However, if damage 
is excessive and refolding fails to occur, proteases of the AAA family (ATPases associated with a 
variety of cellular activities) eliminate misfolded proteins by degrading them into small fragments 
and amino acids (Fig. 1), which are transported out of mitochondria and are then available for de 
novo protein synthesis in the cytoplasm. 
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Figure 1. Functional model of chaperones and proteases and their interactions responsible for 
mitochondrial PQC. Misfolded proteins are recognized by and bound to mitochondrial chap- 
erones. Chaperones work by rescuing misfolded polypeptides and rendering their natural task. 
If refolding into the native protein conformation fails, substrate polypeptides are translocated 
to a mitochondrial protease in a chaperone-dependent mechanism. Subsequently misfolded 
proteins are degraded by proteases into small peptide fragments. 


If the proteolytic system is overwhelmed by excessive protein damage the defective mito- 
chondria can either be functionally restored by fusion with intact mitochondria or parts of 
them with highly damaged proteins separated from the less damaged part of the mitochondrial 
network.®’ Parts with excessive damage are subsequently removed by autophagy, a process 
preventing the release of pro-apoptotic proteins from damaged mitochondria and avoiding 
cellular death.” 

It thus appears that an efficient, hierarchical protein quality control system is active in mito- 
chondria. Efficiency of this system appears to be crucial in particular because mitochondria, as 
the powerhouse of the eukaryotic cell, are a major generator of reactive oxygen species (ROS) 
which are able to damage all types of biomolecules including proteins, lipids and nucleic acids. 
It remains an important issue to elucidate how the system is regulated and what determines the 
limits of damage this system can successfully handle in order to protect biological systems from 
degeneration. Part of the answer seems to be linked to multiple functions of the individual com- 


ponents of the PQC system. 


Mitochondrial Chaperones Are Necessary for Regulated 
Mitochondrial PQC 


Mitochondrial chaperones, proteins that assist in protein folding, are able to remove damaged 
proteins through an energy-driven ATP-dependent mechanism which requires recognition, 
binding and refolding of damaged proteins and the subsequent release of the reconstituted 
and functional proteins. Up to now, a number of major chaperones involved in mitochondrial 
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PQC have been identified. They belong to the Hsp60, Hsp70 and Hsp100 family of heat 
shock proteins. 

Mitochondrial Hsp70 (mtHsp70) is a major component of the mitochondrial import ma- 
chinery. It binds to newly imported mitochondrial proteins from the TOM/TIM complex and 
is involved in the subsequent folding of the imported proteins into its active conformation.’ 
Organisms lacking mtHsp70 are not viable, demonstrating the importance of this protein." 
Additionally, mtHsp70 is involved in efficient degradation of damaged proteins by proteases. 
Work on Saccharomyces cerevisiae revealed this function of mtHsp70 and of a cochaperone, 
Mdjl1, for degradation of misfolded proteins by the matrix protease Pim1, the yeast homologue 
of the human mitochondrial Lon protease.'! Using a hybrid protein of cytochrome b2 fused 
to a mutated form of cytosolic mouse DHFR (dihydrofolate reductase), mtHsp70 and Mdj1 
were demonstrated to be required for the proteolytic breakdown identifying them as essential 
components of the proteolytic machinery within the mitochondrial matrix. Both chaperones 
are sufficient for preventing irreversible protein aggregation and allowing efficient proteolysis 
via Pim1. Additional data revealed that- apart from Lon- proteolysis of misfolded proteins via 
the membrane bound m-AAA protease is also dependent on mtHsp70.” 

The physiological function of Mcx1, the mitochondrial homologue of the bacterial ClpX/ 
Hsp100 chaperone, is still not clear.” Mcx1 localizes to the soluble matrix fraction of mito- 
chondria and is peripherally associated with the inner mitochondrial membrane. Under normal 
conditions, deletion of Mcx1 has no obvious phenotype. However, experiments discovering 
genes required for mitochondrial biogenesis in S. cerevisiae identified an increased frequency 
of spontaneous loss of the mitochondrial DNA (mtDNA) indicating an impact of Mcx1 on 
mtDNA stability.'* In prokaryotes, CİpX forms one of the known ATP-dependent regulatory 
subunits of the Clp protease, is required for N-rule substrates, proteins bearing an amino-terminal 
destabilizing amino acid and promotes substrate unfolding for proteolysis. 516 Under heat shock 
conditions, Mcx1 accumulates in mitochondria suggesting a role in heat shock response by 
refolding damaged proteins. 

Hsp78, a mitochondrial homologue of the bacterial Hsp100/ClpB chaperone, is involved 
in mitochondrial PQC as well. Importantly, Hsp78 can substitute for chaperone functions of 
mutated mtHsp70.” Under heat shock conditions, amounts of Hsp78 are strongly increased 
in mitochondria.'* Hsp78 is crucial for maintenance of respiratory competence and for mi- 
tochondrial genome integrity under severe temperature stress (thermo tolerance). Given that 
mitochondrial protein synthesis is a thermo sensitive process, reactivation of mitochondrial 
protein synthesis after heat stress strongly depends on the presence of Hsp78.'* Recently, Hsp78 
was demonstrated to be responsible for resolubilization of protein aggregates generated by heat 
stress in vivo.’? Especially aggregated mtHsp70 was shown to be resolubilized by Hsp78 dem- 
onstrating a unique role of the chaperone in mitochondria. Thus, resolubilization of protein 
aggregates in mitochondria is dependent on Hsp78. 

Another mitochondrial chaperone involved in mitochondrial PQC is Hsp60, which is 
responsible for proper folding of proteins imported into mitochondria.” In yeast, deletion of 
hsp60 is lethal.” In humans, Hsp60 has been linked to neurodegenerative diseases. Mutations 
in the gene, coding for Hsp60, have been identified in patients with an autosomal dominant 
form of hereditary spastic paraplegia (SPG13), a neurodegenerative disorder characterized by 
a progressive paraparesis of the lower limps.” The mutated Hsp60 protein displays a reduced 
chaperonin activity, a decreased ATPase activity and exhibits a strongly reduced capacity to 
promote folding of e.g., denaturated malate dehydrogenase.” Furthermore, mutation of Hsp60 
is accompanied by a decreased activity of mitochondrial matrix proteases, highlighting the close 
relationship and interaction between mitochondrial chaperones and proteases.” 

Under (cellular) conditions ofaccumulating protein damage (e.g., stress, diseases and aging), 
chaperone activity is very often “overcharged” and mitochondria accumulate irreversible protein 
aggregates. To prevent this dangerous process, these organelles contain proteases that degrade 
misfolded and damaged proteins and recycle amino acids into the pool for protein synthesis. 
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Role of the Mitochondrial Proteases in Maintaining Mitochondrial 


Functions 

Chloroplasts and mitochondria, both organelles of an endosymbiontic origin, contain several 
PQC proteases that are highly conserved from prokaryotes to higher eukaryotes. In mitochondria 
these proteases are present in all sub-compartments (Fig. 2). The mitochondrial matrix contains 
two soluble protease systems, Lon and Clp protease.” In the inner mitochondrial membrane 
three membrane-integrated proteases, the i-AAA, m-AAA and rhomboid protease PARL/Pcp1 
are present.””” Additionally, the intermembrane space harbours the HtrA2/Omi protease and a 
number of different oligopeptidases.°” 

The mechanism(s) by which mitochondrial proteases recognize and degrade misfolded poly- 
peptide chains is rather unclear and speculative. There are three possible theories to describe this 
process: 
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Figure 2. Scheme displaying key proteases involved in mitochondrial PQC. In the mitochondrial 
matrix Lon and Clp protease are present. While the molecular function of Clp is still unclear, 
Lon preferably degrades soluble misfolded polypeptides in an ATP-dependent mechanism. 
In the inner mitochondrial membrane, the i-AAA and the m-AAA proteases are involved in 
degradation and processing of respiratory chain subunits. The activity of the m-AAA protease 
appears to be strongly regulated by prohibitins. Damaged proteins of the outer mitochondrial 
membrane are probably ubiquitinated and applied to the ubiquitin-proteasome degrada- 
tion system. OM: outer mitochondrial membrane; IMS: intermembrane space; IM: inner 
mitochondrial membrane. 
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i. Similar to the ubiquitin-proteasome system in the cytoplasm, substrate polypeptides may 
be marked with ubiquitin making them accessible for proteases by an ubiquitin recogni- 
tion site. 

ii. Chaperones may bind to damaged proteins and deliver these substrates to the proteases 
via binding of the chaperone to the protease. 
iii. Proteases may contain specific substrate-binding sites for distinct recognition. 


Until now no ubiquitin-conjugation system has been identified in mitochondria. However, 
recent data demonstrate the ubiquitination of a restricted set of mitochondrial proteins.** 
Furthermore it was found, that a subunit of the F,Fo-A T Pase is ubiquitinated, retranslocated from 
the inner mitochondrial membrane to the outer membrane and degraded by the proteasome in the 
cytoplasm under the control of the cytosolic chaperone Hsp90. Similar observations were reported 
for the pro-apoptotic intermembrane space protein endoG.* However, at the moment it is unclear 
how mitochondrial proteins are recognized, marked with ubiquitin and translocated through the 
mitochondrial membranes. At this time, it is rather theoretical and highly speculative how impor- 
tant this way of protein degradation for removal of damaged mitochondrial proteins is. 

Mitochondrial protein degradation by chaperone-mediated binding and proteolysis or by direct 
substrate-binding of the proteases appears to be of greater relevance. This type of proteolysis is 
mediated by both membrane bound proteases like -AAA and m-AAA and the soluble Lon and 
Clp proteases in the matrix which are indispensable for efficient removal of damaged mitochondrial 
proteins (Fig. 2). Point mutations or deletion of one of the genes coding for these proteases leads 
to severe phenotypes, neurodegenerative diseases (ND) and death. Some proteases contain specific 
substrate-binding sites, others not. For example, the i-AAA protease recognizes misfolded polypep- 
tides by conserved helices in the proteolytic and AAA domains. In contrast, proteolysis via Lon 
and m-AAA protease is dependent on the chaperone mtH SP70, indicating a chaperone-mediated 
substrate delivery. In the following paragraphs the most important mitochondrial specific proteases 
will be characterized and their molecular functions discussed in more detail. 


Membrane-Bound AAA Proteases 


Probably, the most fundamental function of the inner mitochondrial membrane is the en- 
ergy conversion via oxidative phosphorylation.** To sustain proper activity of the respiratory 
chain, assembly of nuclear and mitochondrial encoded subunits of the complexes as well as the 
degradation of excess or damaged and non-assembled subunits need to be well coordinated. 
Two ATP-dependent membrane-bound proteases are known to be involved in the energetically 
unfavourable dislocation of non-assembled inner-membrane proteins.*”*? Both are members 
of the highly conserved AAA family.” In yeast and humans, the i-AAA protease forms a 
homo-oligomeric complex of Ymel subunits and exposes its catalytic domain to the intermem- 
brane space.*”*! The m-AAA protease is oriented towards the mitochondrial matrix.” In yeast, 
this complex is hetero-oligomeric, composed of Yta10 and Ytal2. In humans, the orthologue 
consists of homo- or hetero-oligomeric complexes containing paraplegin and Afg3L2 or Afg3L2 
only.294%44 The activity of the m-AAA protease is regulated by prohibitins, a eukaryotic protein 
family with potential roles in senescence and tumor suppression.” 

Both proteases exert versatile functions including the proteolytic degradation of polypeptides 
but also processing and translocation of substrate proteins. Most information about the function 
of the proteases has been obtained from S. cerevisiae. Using various reporter proteins, overlapping 
substrate specificities have been demonstrated.*”**” However, so far no endogenous substrate 
has been identified which can be degraded by both proteases. Apart from the proteolytic activity, 
both AAA proteases display chaperone-like activity since they can bind unfolded polypeptides 
and suppress their aggregation.2%353% 

The loss of function of these two AAA proteases leads to severe phenotypes including 
neurodegenerative diseases in mammals. However, in most cases the molecular basis of these 
phenotypes is still unclear. Yeast cells lacking Ymel are respiratory deficient (petite) and show an 
increased rate of DNA escape from mitochondria to the nucleus.”” Moreover, cells require Yme1 
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Table 2. Identified mitochondrial substrate proteins of mitochondrial proteases 


Protease Substrate Function Reference 
Lon aconitase Tricarboxylic acid cycle 95-97 
Lon Ilv1 Isoleucine biosynthesis 97 

Lon Ilv2 Isoleucine and valine biosynthesis 97 

Lon Lscl Tricarboxylic acid cycle 97 

Lon Lys4 Lysine biosynthesis 97 

Lon Cox IV Respiratory chain subunit (complex IV) 85 

Lon Cox V Respiratory chain subunit (complex IV) 85 

Lon Cox II* Respiratory chain subunit (complex IV) 85 

Lon MPPa Processing of imported proteins 48 

Lon STAR Cholesterol transfer protein 128 
m-AAA MrpL32* Subunit of mitochondrial ribosomes 65 
m-AAA Opal* Mitochondrial fusion 108 
m-AAA Ccpl ROS scavenging 68 
m-AAA Cox | Respiratory chain subunit (complex IV) 61 
m-AAA Cob Respiratory chain subunit (complex III) 61 
m-AAA Subunit 6 ATP synthase (complex V) 29,62,64 
m-AAA Subunit 8 ATP synthase (complex V) 29,64 
m-AAA Subunit 9 ATP synthase (complex V) 29,62,64 
i-AAA Cox Il Respiratory chain subunit (complex IV) 41,49,50,69 
i-AAA Opal* Mitochondrial fusion 111,110 
i-AAA Ndel External NADH dehydrogenase 51 
İ-AAA Prohibitins Cell proliferation and cristae morphogenesis 31 


*Substrates are only proteolytically processed, not degraded. 
yp y yp 8 


for respiratory growth at high temperatures and display a growth defect on glucose-containing 
media at low temperatures.” Deletion ofymel also leads to an altered mitochondrial morphol- 
ogy with an accumulation of punctuate and grossly swollen mitochondria.“ Since it was found 
that yeast mitochondria lacking Yme1 contain considerably increased phosphatidylserine de- 
carboxylase 1 (Psd1) activity and accordingly an increased level of phosphatidylethanolamine, 
the altered protein/lipid composition might be an explanation for the abnormal mitochondrial 
morphology.*”* One substrate of the i-AAA protease has been identified as the mitochondrially 
encoded Cox2 protein, a subunit of cytochrome c oxidase (Cox) (Table 2).414950 Non-assembled 
Cox2 has been shown to be rapidly degraded by Yme1 but remains stable in Ayme1 yeast cells. 
In cells lacking Yme1 the increased stability of nonfunctional Cox2 is supported by the drasti- 
cally reduced number of peptides derived from proteolysis of Cox2.*! Deletion of Ymel also 
results in the complete loss of peptides derived from degradation of Ndel, an external NADH 
dehydrogenase.”" 

Peptides generated by the proteolytic breakdovvn of mitochondrial proteins are believed to 
be involved in signalling pathways between mitochondria and the nucleus. Therefore, deletion 
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ofymel in yeast leads to the up-regulation of nuclear genes with function in mitochondrial gene 
expression and the biogenesis of the respiratory chain.” This signalling pathway would allow the 
re-adjustment of the reduced activity of the F,Fo-ATPase observed in the absence of the i-AAA 
protease.” So far, only little is known about the human i-AAA protease Yme1L1. It is speculated 
that Yme1L1 is also involved in the pathogenesis of the neurodegenerative disorder hereditary 
spastic paraplegia (HSP).** The protein is ubiquitously expressed and localized to mitochondria.** 
Expression of the human homologue in Aymel yeast cells restores growth on nonfermentable 
carbon sources at elevated temperatures pointing to a functional conservation.” 

As observed for Ymel-deficient yeast cells, cells lacking either Yta10 or Yta12 or expressing a 
proteolytically inactive variant of the m-AAA protease are respiratory deficient.***' In the absence 
of Yta10 or Yta12 the activities of the cytochrome c oxidase, the bc;-complex and the ATP syn- 
thase are reduced. This is consistent with the finding that the expression of the mitochondrial 
genes cox] (subunit 1 of the cytochrome c oxidase) and cob (cytochrome b of the cytochrome 
bc,-complex) are under control of proteolytic processing by the m-AAA protease. Interestingly, 
similar observations have been reported for the soluble matrix protease Lon, pointing to overlap- 
ping functions not solely between the integral membrane-bound proteases but also between those 
proteases and soluble proteases.* Furthermore, the m-AAA protease is involved in the assembly of 
the subunits of the ATP synthase.” An additional reason for the respiratory deficiency might 
be the impaired processing of MrpL32, a subunit of mitochondrial ribosomes.® Processing of the 
N-terminal targeting sequence is essential for ribosomal assembly. Thus, translation of the mito- 
chondrial encoded proteins is affected demonstrating a crucial role of the m-AAA protease in the 
control of mitochondrial protein synthesis. Interestingly, this role introduces the possibility of a 
negative-feedback regulation. The accumulation of nonnative proteins, for example in stressed or 
aged cells, might compete with MrpL32 for binding to the m-AAA protease. Hence, processing 
of MrpL32 is impaired resulting in reduced mitochondrial translation. In mammals the loss of 
function of Paraplegin or Afg3L2 results in the neurodegenerative disease HSP demonstrating 
the importance of this protease for mitochondrial P QC as well.» 

Recently it has been shown that membrane-bound AAA proteases are involved in the 
ATP-dependent translocation of proteins.”””" In yeast, maturation of the nuclear encoded cyto- 
chrome c peroxidase 1 (Ccp1) depends on the successive action of the m-AAA and rhomboid 
protease Pcp1. The m-AAA protease is required for dislocation and positioning of the precur- 
sor form of Cepl which can then be cleaved by the rhomboid protease. A similar function has 
been proposed for the i-AAA protease. Mitochondrial import of the human polynucleotide 
phosphorylase (PNPase) depends on Yme1 which binds to the precursor form and mediates its 
translocation across the outer membrane. It is tempting to speculate that more substrates exist 
which depend on the ATP-dependent dislocation instead of the proteolytic activity of the AAA 
proteases. This is supported by lethality of the simultaneous deletion of both the i-AAA and the 
m-AAA protease in yeast cells which can be restored by the expression of a proteolytically inactive 
form of Yta10 in Aymel yeast strains. 56? 

Apart from the AAA proteases a number of additional proteases exist in mitochondrial mem- 
branes performing mainly processing functions. The role of mammalian mitochondrial HtrA2/ 
Omi in protein quality control is still unclear. The precursor form of the serine protease HtrA2/ 
Omi is temporarily anchored to the inner membrane where it undergoes proteolytic maturation 
and is released into the intermembrane space. Loss of its protease activity results in susceptibility 
toward Parkinson’s disease, in which mitochondrial dysfunction and impairment of protein fold- 
ing and degradation are key features. 

The rhomboid protease is an evolutionary conserved intramembrane serine protease.” The 
yeast rhomboid Pcp1 has two known substrates, Ccp1 and Mgm1.7! Both proteins span the in- 
ner membrane once and are completely or partially released after cleavage by Pcp1. As mentioned 
before, maturation of Ccp1 also depends on the activity of the m-AAA protease suggesting the 
existence of additional substrates which require the coordinated activity of several proteases for 
maturation. 
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The fact that the loss of AAA proteases causes severe phenotypes in yeast and leads to axonal 
degeneration in mice as well as in humans underlines the importance of these proteases in PQC 
to maintain mitochondrial function.“ 


Soluble Matrix Proteases 

In the mitochondrial matrix a wide range of metabolic functions need to be coordinated. In 
this subcompartment, the mtDNA as well as the citric acid cycle and other important pathways 
like lipid synthesis are present. The regulated transcription and translation as well as the removal 
of damaged enzymes and regulatory proteins need to be tightly controlled. Two soluble protease 
complexes, Lon and Clp, are part of the corresponding machinery. 

Clp protease is an ATP-dependent serine protease catalyzing unfolding and degradation of 
damaged and specifically tagged proteins.” The protease is composed of the proteolytic subunit 
ClpP and the chaperones ClpX or ClpA. The functional form of ClpP is a tetradecamer forming 
a stable double ring structure. Each ring contains seven ClpP subunits. The chaperones ClpA and 
ClpX are members of the AAA protein family, a group of unfoldases that catalyze restructure 
and translocation of proteins and other biomolecules. They form ATP-dependent hexameric 
ring structures. The active protease is formed by stacking the chaperone hexamer to the ends of 
ClpP, resembling a proteasome-like structure."””” While the ClpAP complex is only present in 
prokaryotes, ClpXP is highly conserved within mitochondria of eukaryotes, except the lower 
eukaryote S. cerevisiae which lacks the proteolytic subunit ClpP.” In prokaryotes, ClpXP de- 
grades short lived regulatory proteins and is an important component of the prokaryotic PQC 
and heat shock response.” While most eukaryotes contain the protease and chaperone subunit 
within mitochondria, almost nothing is known regarding their specific biological function and 
their substrate binding and specifity. Interestingly, inactive ClpP leads to the complete loss of the 
mitochondrial unfolded protein response (mtUPR) during heat stress in Caenorhabditis elegans.” 
UPR is a mechanism involved in restoring normal cellular functions of the cell after heat stress via 
the activation of signalling pathways leading to increased transcription of nuclear genes coding 
for molecular chaperones involved in protein folding. Inhibition of the proteolytic activity of Clp 
rapidly blocks induction of genes of the hsp60 and hsp70 family, suggesting that Clp protease has 
a direct role in mtUPR signalling to the nucleus. Noticeable, like ClpP, the membrane-bound 
i-AAA protease seems to be involved in human mtUPR as well.*° However, the identity of Clp 
protease substrates for mtUPR is still missing. Moreover, other functions and substrates of Clp 
need to be investigated more extensively. 

The best characterized and probably most important matrix protease involved in mitochon- 
drial PQC is Lon, a highly conserved ATP-dependent serine/lysine protease of the AAA" family.*! 
The ATPase and the protease domain are located on the same polypeptide chain, whereas ATP 
hydrolysis and proteolytic activity are tightly coupled. Lon is only active in a homo-oligomeric 
state. In yeast mitochondria, a heptameric-ring structure was demonstrated by electron micros- 
copy.” Apart from its proteolytic function, Lon is also involved in protein complex assembly 
and in the maintenance of mitochondrial DNA.555 In yeast, proteolysis mediated by Lon is 
required for the expression of mitochondrial intron-containing transcripts. Lon is part of the 
mitochondrial nucleoid, a complex maintaining mtDNA, as well. Additionally, human Lon 
binds to single-stranded DNA oligonucleotides corresponding to a TG-rich region that overlaps 
the heavy strand- and light-strand promoters of human mtDNA.55” Interestingly, binding of 
Lon to mtDNA stimulates the ATPase activity as well as the protease activity. Thus, Lon may 
be responsible to regulate both, protein turnover and mtDNA function. 

Lon is important under normal survival and proliferation as well as for the defence against 
oxidative stress induced protein damage. For instance, Lon is significantly upregulated under dif- 
ferent stress conditions, like heat stress.” The importance of Lon for cellular and mitochondrial 
viability is supported by dramatically disordered phenotypes within organisms being deficient for 
Lon protease. Yeast cells lacking Pim1, the Š. cerevisiae homologue of Lon, exhibit large mtDNA 
deletions and accumulation of electron dense aggregates.??55 As mtDNA codes for respiratory 
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chain subunits, Pim1 deletion mutants are unable to grow on nonfermentable carbon sources, 
leading to a petite phenotype. Deletion of Lon in higher eukaryotes seems to be lethal. Even 
RNAi-treated cell cultures offering decreased Lon protein amounts are characterized by broad 
mitochondrial dysfunctions. In human lung fibroblasts down-regulation of Lon was reported to 
impair mitochondrial structure, function and causes cell death by activation of apoptotic path- 
ways.” Also in plants mitochondrial Lon protease is required to maintain mitochondrial function. 
Mitochondria isolated from Arabidopsis thaliana Lon deletion mutants displayed lower capacity 
for respiration, the activity of key enzymes of the tricarboxylic acid cycle was significantly reduced 
and mitochondria had an aberrant morphology, respectively.” These severe phenotypes of Lon 
deficiency in different eukaryotes demonstrate the importance of this protease to maintain proper 
mitochondrial and cellular function by selectively eliminating misfolded, damaged and certain 
short-lived regulatory proteins. 

Lon protease, as well as the membrane-bound i-AAA protease, is also involved in coping ER 
stress induced mitochondrial dysfunctions. In rats, it was found that expression and assembly of 
Cox are disturbed under ER stress. The signalling pathway improves assembly of respiratory chain 
complexes and sustains mitochondrial function by induction of Lon and i-AAA proteases.® 

So far, the signal targeting a protein to be degraded by Lon is unidentified. Jn organello deg- 
radation of imported reporter proteins containing different structural properties in S. cerevisiae 
revealed that a nonnative amino-terminal exposed protein segment in combination with a limited 
unfolding capacity mediated by chaperones (mtHsp70) accounts for the selectivity of Lon protease 
for damaged or misfolded proteins.! Protein turnover mediated by Lon is likely modulated or 
regulated by factors that affect the enzymatic activity of Lon and/or the conformational state.” 
For example, mitochondrial processing peptidase subunit a (MPPa) is degraded by Lon only 
in its non-assembled form since active heterodimeric MPPa complexed with MPPb is stable.” 
Importantly, the proteolytic activity of Lon is dependent on the availability of ATP and thus 
on the energy status of mitochondria. ATP binding stimulates proteolysis, while ADP inhibits 
protease function.” 

Up to now, only a limited number of endogenous substrates of eukaryotic Lon protease have 
been identified (Table 2). Most substrate proteins are components of the respiratory chain, the 
tricarboxylic acid cycle (TCA) and amino acid biosynthesis pathway. It has been proposed that 
Lon protease is the key proteolytic machinery in the mitochondrial matrix mainly degrading oxi- 
datively damaged proteins. For example mitochondrial aconitase, an iron-sulfur cluster containing 
protein, has been identified as a substrate of Lon in various model systems.”””” Aconitase acts as 
a key enzyme of the TCA cycle as well as in the maintenance of mtDNA.” The enzyme is highly 
vulnerable to oxidative damage, suffering a loss of activity and consequently mitochondrial damage 
and dysfunction. However, comparing the number of known substrates of Lon protease to the as- 
sumed number of mitochondrial matrix proteins, the substrate knowledge is still a puzzle. Probably 
Lon degrades not a restricted set of proteins, but rather a wide range of unfolded proteins. 


Role of the Membrane-Bound AAA Proteases on Diseases, 
Apoptosis and Aging 

During the years of investigations of mitochondrial PQC it turned out that proteases are 
highly important to sustain mitochondrial function. Loss of function or down-regulation of 
mitochondrial proteases has been reported to be linked to neurodegenerative diseases (ND) and 
aging. Parkinson’s disease, autosomal dominant optic atrophy (ADOA) and hereditary spastic 
paraplegia (HSP) are prominent examples.” 

For instance, autosomal dominant optic atrophy strongly depends on the activity of mito- 
chondrial membrane-bound proteases regulating mitochondrial morphology. The mitochondrial 
morphology is controlled by several proteins involved in fusion and fission.'° One of them is Opal 
(Mgm1 in yeast), a dynamin-like GTPase in the inner mitochondrial membrane, as described 
above. Mutation of Opal leads to ADOA.""""™ The balanced formation of long membrane-bound 
and shorter soluble isoforms appears to be crucial for mitochondrial morphology, respiratory 
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competence and the maintenance of mtDNA.’ This balance strongly depends on the activity 


of membrane-bound proteases, demonstrating a prominent example for mitochondrial PQC 
mediated by mitochondrial proteases. As the downregulation of Opal causes mitochondrial 
fragmentation and alters the shape of the cristae, Opal has been linked to apoptosis and aging." It 
has been suggested that during apoptosis the protease-mediated balance between long and shorter 
Opal isoforms is disrupted./"5106 This leads to the unravelling of the cristae junctions allowing 
pro-apoptotic factors like cytochrome c and HtrA2/Omi to diffuse into the intermembrane space 
and finally into the cytosol. So far three proteases have been linked to the processing of Opal. In 
yeast, the rhomboid protease Pcp1 cleaves a subset of the long Mgm1 isoform at their transmem- 
brane domain to produce the shorter Mgml isoform which is released into the intermembrane 
space.”””? Similarly, the mammalian rhomboid PARL seems to be involved in the generation of the 
soluble Opa] isoforms, although the action of PARL on Opal couldbe indirect.’ In yeast, PARL is 
able to functionally replace Pep 1 and process Mgml.” In contrast, the m-AAA protease Paraplegin 
has also been proposed to stimulate Opal processing.!% Surprisingly, neither PARL-deficient cells 
nor Paraplegin-deficient cells show impaired Opal processing.’ To identify proteases which are 
capable of cleaving Opal, Opal was expressed in yeast cells where either yeast or mammalian 
m-AAA proteases mediate Opal cleavage. Finally, knockdown of human Yme1L has also been 
shown to constitutively regulate a subset of Opal isoforms.!1%111 Therefore, the question which 
mitochondrial protease(s) mediates Opal cleavage seems to remain unsolved. 

In mammals, nonsense mutations in Paraplegin, a subunit of the m-AAA protease, were found to 
cause an autosomal recessive form of HSP, a genetically heterogeneous disease that is characterized 
by progressive and cell-specific axonal degeneration.*”!”” Paraplegin and Afg3L2 assemble into a 
high molecular mass complex in the inner mitochondrial membrane."? This complex formation 
is impaired in fibroblasts from HSP patients leading to a decreased activity of the respiratory 
complexes, decreased ATP levels and an increased sensitivity towards oxidative stress.22113 Likewise 
Paraplegin-deficient mice show a slow progressive and cell-specific axonal degeneration.” The lack 
of Paraplegin leads to enlarged and morphologically abnormal mitochondria. In contrast, mice 
lacking functional Afg3L2 are affected by a severe neuromuscular syndrome.® They contain swollen 
giant mitochondria with damaged cristae and the activity of the respiratory complexes I and III is 
strongly reduced resulting in reduced ATP synthesis. Only recently, mice carrying different dosages 
of Afg3L2 and Paraplegin have been generated showing that the homo- and hetero-oligomeric 
complexes are largely redundant."" 

"These tissue-specific consequences of the loss of Paraplegin or Afg3L2 are somehow puzzling 
since both isoenzymes should be widely expressed in mitochondria from all tissues. A possible 
explanation could be the variation of the relative abundance of the subunits between different 
tissues and their versatile assembly as homo- or hetero-oligomeric complexes.**'"* Additionally, 
homo-oligomeric complexes composed of Afg3L2 seem to have different substrate specificities than 
hetero-oligomeric complexes containing Afg3L2 and Paraplegin.’ It cannot be excluded that other 
yet unknown substrates exist which contribute to the tissue-specificity of the disease even though 
this is somehow contradictory to the observed redundancy of the homo- and hetero-oligomeric 
complexes. However, initial efforts towards a gene-replacement therapy have successfully halted 
the progression of the degeneration in the peripheral nerves of Paraplegin-deficient mice pointing 
to a promising path to pursue.!!5 


Mitochondrial Lon Protease Activity and Aging 

Chaperones and molecular proteases control the balance of functional, correctly folded and 
misfolded proteins by removing damaged polypeptides and toxic protein aggregates from cells, 
delaying the onset and the outcome of disease and aging. While mutation or loss of mitochondrial 
membrane-bound proteases very often leads to neurodegenerative disease, soluble matrix proteases 
are more responsible for preventing protein aggregation and, thus, avoiding premature aging. 
However, a few neurodegenerative diseases have been described so far which negatively affect 
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the activity of matrix proteases. For instance patients with SPG13 display reduced transcript and 
protein levels of the mitochondrial matrix PQC proteases Lon and Clp. 

Numerous investigations describe the accumulation of aggregation-prone misfolded proteins 
during lifetime and a misbalance between functional and nonfunctional proteins. For instance, 
proteasome activity in the cytoplasm is known to decline during aging, amplifying the misbal- 
ance and, additionally, decreasing the pool of free accessible amino acids for protein synthesis.1!% 
Significantly this observation is linked to an age-related increased ROS production and thus to 
the free radical theory of aging, suggesting that aging is the result ofan accumulation of molecular 
damage via ROS.'” 

Lon protease is known to play an essential role in the degradation of damaged proteins in mi- 
tochondria. Different age-related declines in transcript and protein levels and activity of Lon have 
been reported so far, demonstrating an important function of this protease in the aging process. 
In skeletal muscle samples transcript levels of aged mice were four-fold decreased compared to 
samples from young individuals.''* Interestingly, this observation was completely prevented when 
animals were fed a calorie restricted food, an intervention known to slow down protein damage. 
In a comparable study an approximate five-fold reduction was observed in mitochondrial Lon 
protein levels and activity in old mice compared to young animals.'”” Additionally, old mice exhibit 
higher levels of oxidatively damaged proteins, particularly oxidized aconitase, probably due to the 
diminished protease activity of Lon to degrade misfolded proteins." Selective down-regulation of 
Lon in human lung fibroblasts by antisense RNA was reported to lead to the formation of abnormal 
mitochondria and induce apoptosis. Giant mitochondria with large empty vacuoles, mitochondria 
filled with electron dense inclusion bodies and miniature mitochondria were found in these cells.*? 
These pathological phenotypes are similar to what is observed in aging tissues, suggesting that 
Lon downregulation may contribute to the aging effect. Studies on isolated mitochondria of rat 
liver samples demonstrated a decline in Lon protease activity in senescent samples as well.!”° This 
observation is supported by the observation that oxidative protein modifications increase in old 
mitochondria. Interestingly, in these studies overall Lon protein amounts did not change during 
aging, indicating that Lon activity might be abolished in aged cells either by reduced disposability of 
ATP or by oxidative protein damage of Lon itself and consequently loss of proteolytic activity. 

Investigations studying Lon protease activity in different mammalian tissues and in different 
organisms suggest a tissue- and organism-specific regulation during aging. In rat heart an age-related 
increase in mitochondrial transcript levels was found, while protease activity remained unchanged."! 
Similar observations were reported for the filamentous fungus Podospora anserina, an experimentally 
tractable short lived organism with a well defined mitochondrial etiology of aging.122-124 Like in rats, 
transcript levels of lon were found to be increased in aged P anserina cultures. However, protein 
abundance and activity of Lon protease did not change.” These discrepancies may be explained by 
the fact that (1) Lon protein synthesis in the cytoplasm is limited in aged samples and that (2) Lon 
protein import into aged mitochondria is disturbed. The first explanation is supported by different 
studies describinga decline in the general protein synthesis during aging in different model systems.!”° 
Global control of protein synthesis is generally achieved by changes in the phosphorylation state of 
initiation factors of their regulators. This phosphorylation state is known to change during aging, 
suggesting that protein synthesis constitutes a basic cellular process targeted by signalling pathways 
that modulate aging. The second explanation is supported by observations, that mitochondrial 
membrane potential and ATP amounts decrease during aging.'*° A high membrane potential is 
required for efficient import of nuclear encoded mitochondrial proteins by the import machinery 
complex TOM/TIM into the mitochondrial matrix.”” Either reduced translation and/or inefficient 
transport into mitochondria might explain the unchanged Lon protease activity in aged rat heart 
tissue and P anserina cultures while transcript is increased. 

Recent experimental interventions into Lon expression in P anserina support the importance 
of a functional Lon protease in aging. Constitutive over-expression of lon resulted in transgenic 
strains with increased ATP-dependent serine protease activity.” These strains display lower levels 
of carbonylated and carboxymethylated proteins, reduced secretion of hydrogen peroxide and 
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a higher resistance against exogenous oxidative stress. Moreover, they are characterized by an 
extended health span (i.e., lifespan without impairments of vital functions like growth and fertil- 
ity). Also mitochondrial morphology and the respiratory chain composition are not abolished. 
Additionally, mitochondrial respiration is increased in old cultures over-expressing lon in com- 
parison to wild-type samples. Collectively, these data demonstrate a beneficial effect of increasing 
Lon protease abundance on stress resistance and organism aging and provide mechanistic clues 
suggesting that increased degradation of damaged mitochondrial proteins leads to a reduction 
of endogenous oxidative stress, an increased tolerance against exogenous oxidative stress and an 
increased life span. Thus, overexpression of lon appears to be a successful intervention and supports 
the important role of the mitochondrial PQC into the aging process. 


Conclusion 

Mitochondrial protein quality control processes have now been recognized to play crucial 
roles in maintaining mitochondrial functions. In particular chaperones, proteases and their 
regulation and interactions appear to play a fundamental role in preventing protein aggrega- 
tion and maintaining mitochondrial requirement for cellular survival. Novel functional links 
between these systems are indicating that the understanding of how mitochondrial PQC works 
is still at the beginning. The highly important regulation and flawless function of all different 
components of this system is of fundamental importance, as decrease or inactivation of one 
of the proteases or chaperones leads to severe phenotypes, diseases and finally in cell death. 
However, details about their regulation and interaction remain to be investigated in more detail. 
Further analysis of proteases and chaperones involved in mitochondrial PQC, e.g., through the 
identification of their targets and substrates will almost certainly provide new insights into the 
regulation of this system. Importantly, the role of PQC systems on aging and disease needs to be 
thoroughly investigated, given that they are characterized by the loss or change of mitochondrial 
protease and chaperone activities, leading to increased damage and loss of mitochondrial func- 
tion. Other pathways (e.g., mtDNA repair, mitochondrial dynamics) also need to be explored 
more carefully. Different tasks of mitochondrial PQC should be accomplished in different 
model systems to obtain a detailed overview about PQC mechanisms and interactions of the 
individual components of this hierarchical network. Such knowledge will be a good starting 
point for translational research with the ultimate goal to hold up degenerative processes leading 
to severe impairments and diseases and gain a basic understanding of the mechanistic processes 


leading to biological aging. 
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Abstract 

ncogenic and environmental stresses, such as reactive oxygen species, UV radiation etc, can 

induce premature cellular senescence without critical telomere shortening. The role of the 

Ras/Raf/ERK signal transduction cascade in this process has been previously established, 
but recent evidence also indicates a critical role of the p38 MAP kinases pathway. Oncogenic and 
environmental stresses impinge upon the p38™“"* pathway, suggesting a major role of this pathway 
in senescence induced by stresses. Prematurely senescent cells are most likely to appear in several 
age-related pathologies associated witha stressful environment and/or the release of pro-inflammatory 
cytokines. 


Introduction 

Replicative senescence has been widely demonstrated for many non-immortalized mammalian 
cell types capable of proliferating in the adult.' Notable exceptions are embryonic stem cell 
lines and most tumor-derived cells in which telomerase is constitutively activated.” Since fea- 
tures of replicative senescence can appear after exposure of both non-immortalized cells and 
telomerase-immortalized cells to oncogenic stimuli, oxidative stress and/or DNA damaging 
agents, preliminary definitions of the various phenotypes arising in such conditions must be 
given, in order to reflect the different trends of the current literature. 


Senescence Is the Hardest Word to Say 

The narrowest definition of senescence is the irreversible growth arrest that occurs when 
non-immortalized, nontransformed cells have exausted their replicative potential.' This is triggered 
by critical telomere shortening and rearrangements of the telomere structure, due to the inability to 
replicate the chromosomal ends. This type of senescence, termed replicative senescence, counts cell 
generations (definition 1). However most in vitro studies on replicative senescence were performed 
with cells cultivated at 20% O,, which accelerates telomere shortening by generating a more severe 
oxidative stress when compared to the much lower in vivo physiological pressure of O,.* 

Other authors expanded the definition of senescence to a functional definition encompassing 
all kinds of irreversible arrests of nontransformed proliferative cell types induced by cellular stresses 
such as subcytotoxic oxidative stresses and DNA damaging agents (definition 2).57 Notably most 
features of replicative senescence including irreversible growth arrest, also appear after exposure 
of proliferating nonimmortalized, nontransformed cells to cellular stresses. Irreversible growth 
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arrest of proliferative cell types induced by these cellular stresses may be called stress-induced 
senescence-like phenotype, according to definition 1, or stress-induced premature senescence, 
according to definition 2. Both phrases can be abbreviated as SIPS.š In addition, the induction 
of features of replicative senescence after exposure of cells to oncogenic stimuli, has been called 
oncongene-induced premature senescence (OIS).>? 

SIPS differs from replicative senescence namely it can be telomere-independent. While the 
ectopic expression of the catalytic subunit of telomerase (hTERT) rescues replicative senescence, 
oncogenic ras, H,O,, ultraviolet light and x-radiation induced similar levels of senescence features 
in the parental and HTERT-expressing human diploid fibroblasts (HDFs) and none or very limited 
telomere shortening was detected in the RTERT-expressing cells undergoing SIPS.'° These data 
suggest that replicative senescence induced by telomere shortening and SIPS are mediated by at 
least partially different mechanisms. 


The Role of DNA Damage Checkpoint Genes in Senescence 

The mechanisms by which SIPS occurs are not yet fully understood. However, results from 
fibroblasts bearing specific mutations responsible for Ataxia teleangiectasia (AT) and Nijmegen 
breakage syndrome (NBS) have indicated a biologic relevance or the biological reference of these 
genes in senescence. AT and NBS patients have a high incidence of cancer and cellular defects 
including radiosensitivity, chromosome instability and premature senescence.'! ATM and NBS1, 
the respective products of the gene mutated in AT and NBS patients, cooperate to activate cell 
cycle checkpoints triggered by DNA damage. ATM phosphorylates many proteins involved in 
cell cycle checkpoints and DNA repair. For example, ATM phosphorylates and activates Chk2 
in response to ionizing radiation, resulting in the stabilization and activation of p53, induction of 
p21™4"! expression and cell cycle arrest at G, phase. ATM participates in telomere maintenance 
and senescence signaling originating from telomeres."75 Deficiency of ATM or NBS1 leads to 
telomere shortening, suggesting that ATM and NBS1 proteins may be involved in regulation of 
telomere length and/or structure. Although the precise mechanism by which ATM and NBS1 
regulate the structure and function of telomeres is currently not understood, the role of telomeres 
in the replicative senescence of ATM and NBS1 cells is demonstrated by the rescue of ATM and 
NBSI cells through telomere elongation induced by ectopic expression of hTERT. However, like 
the parental cells, the hTERT-expressing AT and NBS fibroblasts remain sensitive to SIPS. Despite 
the defective response to DNA damage in hTERT-expressing AT fibroblasts, HO, and ionizing 
radiation induced SIPS in these cells, concurrently with the induction of p53, p21™*", ploN* 
protein and phosphorylation of the stress-induced p38MAPK.14-16 These observations suggest that 
the ATM-dependent signaling pathway is involved in replicative senescence, but is dispensable 
for inducing SIPS in response to ionizing radiation or oxidative stress and associate SIPS with 
p38™*"S a central mediator of SIPS. 


Signal Transduction and Gene Expression in SIPS: Central Role 
of p3sMarx 


Depending on the cell type, stress can activate three major MAPK pathways, ERKs (extracel- 
lular-regulated kinases), JNKs (c-JUN N-terminal kinases) and p38™*?™. 

p38MAPK, but not JNK, has been shown to be activated in replicative senescence and SIPS in- 
duced by oncogenic ras and culture shock.'”!* Culture shock has been defined after the observation 
that mouse fibroblasts implanted from in vivo to in vitro become senescent after a small number 
of cell divisions: approximately 10 population doublings, an estimate of the average number of 
cell divisions of a given population. The telomeres do not significantly shorten during this period 
given murine cells have extremely long telomeres. Rather, it is believed that senescence is induced 
by the environmental changes imposed on the mouse cells, such as oxidative environment due to 
culture conditions)” and thus called “culture shock”?” 

As reviewed below, the activation of p38™4?* is delayed after the exposure of cells to subcyto- 
toxic senescence-inducing stress. A working hypothesis could be that the activation of p38MAPK 
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Figure 1. A) Working hypothesis. SIPS is not triggered by the immediate cascade of events activated 
by the initial DNA damage and involving proteins such as ATM, Chk2 and p53. In this hypothesis, 
the initial quick response triggered by DNA damage is responsible for transient growth arrest namely 
through the expression of p21", possibly via a first phase of activation of p38". Then indirect 
mechanisms allow a delayed and sustained activation of p38" responsible for the establishment 
of the phenotype of SIPS. B) Hypothesis of the stress load. Oncogenes, culture shock, oxidative 
stress and oncogenic activation can be represented as a total load of stress activating p38NAPK 
and triggering signaling cascades involving namely Rb as well as other signaling pathways. The 
possibility of activation of a cross-talk between Ras/Raf-1/MEK1/ERK pathway and MKK3-MKK6/ 
p38NAPK pathway in Ras-induced cellular senescence is also taken into consideration. 
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that mediates the induction of SIPS is not triggered immediately by the initial stress but rather 
indirectly (Fig. 1A). 

Cells lacking c-Jun undergo prolonged cell-cycle arrest, but resist apoptosis, whereas cells that 
ectopically express c-Jun do not arrest but undergo apoptosis.”! A lack of activation of the JNKs 
after subcytotoxic stress could explain why fibroblasts become prematurely senescent instead of 
apoptotic when exposed to high doses of oxidants. Furthermore, activation of JNK by ectopically 
expressed active MKK7 does not induce premature senescence.'* Thus, the JNK pathway does not 
seem to contribute to the induction of SIPS. 

Ectopic activation of p38™*?* by the constitutive active form of the upstream kinase, MKK3 
and MKKE, induces cellular senescence./7152? Moreover, pharmacological or genetic inactivation 
of p38MAPK bypassed or delayed the onset of various types of cellular senescence.'” These results 
indicate that p38™4?* plays a central role in the senescence-inducing pathway downstream of 
various stimuli. p38™“"* activation is delayed after the exposure of cells to senescence-inducing 
stimuli. This p38N4”K -activating condition appears to be quantitative and irreversible and p38NAPE 
is activated only when the total level of the condition (stress, telomere shortening, oncogene 
overexpression and culture shock) reaches a critical threshold* (Fig. 1B). Specific activation of 
p38™“"* by overexpression of upstream activators in primary or tumor cells triggers irreversible 
cell cycle arrest and biochemical and morphologic features of SIPS. This effect is mitigated by 
concomitant addition of a chemical inhibitor of the p38M*?* alpha and beta isoforms. Blocking 
p38™4°* activity after 72 h does not reverse senescence. 


TGF-B1 and p38™4"* in H,O,- and UVB-Induced SIPS 

The abundance of Transforming growth factor-B1 (TGF-B1) mRNA increases in replicative 
senescence of WI-38 HDFs, in premature senescence of WI-38 HDFsas induced by ¢ert-butylhy- 
droperoxide (BHP) and ethanol, in premature senescence of IMR-90 HDFsas induced by H,O,, 
in premature senescence of skin HDFs as induced by UVB or by psoralen + UVA treatment, in 
premature senescence of human retina epithelial cells as induced by z-BHP and in the dermis of 
aged versus middle-aged probands.***° Immunofluorescence allowed detection of both the latent 
and the active form of TGF-B1 in UVB-, z-BHP- and ethanol-induced senescence.””! 

It has been found that induction of SIPS by H.O, in fetal lung IMR-90 HDFs requires a posi- 
tive feedback loop engaged between the activation of p38™“"* and the overexpression of TGF-B1. 
Similar results were obtained with AG04431 skin HDFs in SIPS induced by repeated mild expo- 
sures to UVB.” H,O, triggers the phosphorylation of p38““"* within 10 minutes after the onset 
of exposure. Then p38™4?* phosphorylates and activates ATF-2, which in turn participates in 
the short-term growth arrest and triggers the overexpression of TGF-61. Phosphorylated ATF-2 
and hypophosphorylated retinoblastoma protein (Rb) physically interact. Incubation of IMR-90 
HDFs with TGF-B1 also induces the appearance of the features of senescence (senescence-like 
morphology, SA B-gal activity and overexpression of the senescence-associated genes fibronectin, 
apolipoprotein J/clusterin, osteonectin, matrix metalloproteinase-2 and Smooth Muscle 22 (SM22 or 
transgelin).** Fibronectin is an essential component of the extracellular matrix and may contribute 
to the morphological changes observed in senescent HDFs as well as anchorage of cells to their 
substrate. Osteonectin is a calcium binding protein able to inhibit the cell entry into the S phase 
through selective binding of platelet-derived growth factor. SM22 encodes for a putative calcium 
binding protein involved in senescence-induced morphological changes. Apolipoprotein J is an 
extracellular protein with chaperone-like activity similar to small heat shock proteins. The secretion 
of apolipoprotein J is sharply increased in UVB-induced SIPS of skin AG04431 HDFs.”” 

Treatment of IMR-90 and AG04431 HDFs with antibodies against TGF-61 (or TGF-61 
receptor 11) for 72 h after respectively H,O, and UVB subeytotoxic stress, abolishes the induc- 
tion of these biomarkers. p38"“"* and ATF-2 remain phosphorylated for at least 72 h after the 
initial stress. Neutralising antibodies against TGF-B1 prevent the sustained phosphorylation of 
p38™*"* and ATF-2. This indicates that TGF-B1 sustains the long-term activation of p38MAPK, 
TGF-81 antibody does not prevent the phosphorylation of p38™*?* taking place just after the 
onset of stress, when TGF-B1 is not yet overexpressed. It is known that TGF-B1 activates the 
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Figure 2. Model for the establishment of H,O,- and UVB-induced premature senescence in fetal 
lung and skin HDFs, based ona positive feed-back loop between p38""* and Transforming Growth 
Factor (TGF-B1) that is responsible for a sustained activation of p38™"* for days after the initial 
stress has vanished. Upon DNA damage p53 becomes activated and induces the expression of 
the cyclin-dependent kinase inhibitor (CdKI) p21““", thereby inhibiting the activity of the cyclin 
D/cyclin-dependent kinase 4 and 6 complexes activities, this could explain the hypophosphoryla- 
tion of the retinoblastoma protein, which blocks the cell cycle through the sequestration of the 
E2F transcription factor. H,O, and UVB phosphorylate p38NA”K within minutes after the onset of 
stress,’ namely through the activation of the latent form of TGF-61.”” Once activated, p38NAPK 
phosphorylates the ATF-2 transcription factor. This triggers the overexpression of the inactive form 
of TGF-B1 increasing its secretion and cleavage into its active form are increased.”’ In a second 
phase active TGF-B1 binds its Type Il receptors, which activates the Type 1 receptors and reacti- 
vates p38™4"« and p53, keeping Rb hypophosphorylated via the induction of the CdKls. 24 h after 
stress, phosphorylated ATF-2 and hypophosphorylated retinoblastoma protein start to interact. 
ATF-2 and Rb are necessary for the appearance of biomarkers of senescence: senescence-like 
morphology, SA B-gal activity and overexpression of the senescence-associated genes fibronectin, 
apolipoprotein J, osteonectin and SM22.272555%77 The Smad proteins and the ERK proteins could 
also finely tune this process. 


p38™4°* pathway.” Along the same line of evidence, inhibition of p38N4”F or ATF-2 by chemical 
inhibitor or by antisense oligonucleotides prevents the overexpression of TGF-$1 and blocks the 
appearance of H,O,-induced SIPS* (Fig. 2). 

In addition, TGF-f 1 triggers an increase in the concentration of H,O, in IMR-90 HDFs,* gen- 
erating a constant oxidative stress. Superoxide dismutase 2 dismutates superoxide anions into H,O, 
in mitochondria and is overexpressed in cells in which p38™*"* is activated.” Cyclooxygenase-2 is 
overexpressed in replicative senescence, in c-rel-induced senescence and in H,O,-induced premature 
senescence.”” p38™4? and ATF-2 are partly responsible for the overexpression of cyclooxygenase-2 
observed in H,O,-induced premature senescence.** p21*"!, a CDK inhibitor that blocks the ki- 
nase activity of cyclinD-CDK4/6 complexes, is found upregulated in H,O,- and z-BHP-induced 
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SIPS, explaining in part why Rb becomes hypophosphorylated.”5 The upregulation of p21%*"! 
expression is due to increases in both mRNA and protein levels in response to p38NAPE.32 

Immunofluorescence showed that the protein level of insulin-like growth factor binding pro- 
tein-3 (IGFBP-3) was increased in replicative senescence and premature senescence induced by 
t-BHP and ethanol. The overexpression of IGFBP-3 is well documented in replicatively senescent 
HDEFs. 

Endogenous expression of IGFBP-3 by HDFs was knocked down using siRNA specifically 
targeting IGFBP-3 when the stress protocols were applied to induced SIPS with +BHP and 
ethanol. In these conditions, the increase of apolipoprotein J, fibronectin and osteonectin 
mRNA abundance was abolished. IGFBP-3 siRNA did not alter the stress-induced variation of 
the RNA level of TGF-67. This is interesting because TGF-B1 has been described as regulating 
IGFPB-3 expression in many biological models but not vice versa. After 72 h of stimulation with 
TGF-81, there was an increase of more than 20-fold in the relative transcript level of IGFBP-3 
as well as an increase in IGFBP-3 protein level as seen by immunofluorescence. Moreover 
neutralizing antibody against TGF-B1 added in the medium after the last BHP and ethanol 
stress, in conditions inducing premature senescence, diminished the increased transcript and 


protein levels of IGFBP-3.51 
p38™4°K, p53 and Rb 


p53 and Rb and are intimately involved in cellular senescence. Given that p38™*"* phospho- 
rylates p53,” it is important to determine whether Rb and p53 are upstream or downstream 
of p38MAPK, This question was addressed by assessing the consequence of p38MAPK activation in 
HDFs expressing the human papilloma virus (HPV) Eó that inactivates p53, E7 that inactivates 
Rb family proteins, or both Eó and E7 proteins. It was found that p38“? activation led to 
growth arrest in E6-expressing HDFs and not E7-expressing HDFs, indicating that Rb, but 
not p53, is an essential downstream molecule of p38™4?* for inducing cell cycle arrest in this 
system./” It was also found that, upon subcytotoxic acute exposure of E7-expressing IMR-90 
HDFs to H,O,, the presence of Rb was necessary for the appearance of senescence morphology, 
senescence-associated Ş-galactosidase activity and overexpression of several senescence-associated 
genes such a fibronectin, osteonectin, apolipoprotein J.**** Supporting the role of the Rb pathway 
in p38NAPE mediated SIPS, activation of p38MAPK led to the accumulation of p16"N854 at both 
protein and mRNA levels."8 

In contrast, other studies suggest that p53 may be a downstream effector of p38™4"* in the 
senescence pathway. p38™4?* can phosphorylate and activate p53 either directly” or through its 
downstream kinase casein kinase 24%! In IMR-90 HDFs, oncogenic ras induces the phosphoryla- 
tion of p53 at Ser33 and Ser46, the sites that had been shown to be phosphorylated by p38™“?* in 
response to UV irradiation.” In the same study, elimination of p38™*"* activity either by knocking 
out the p38™4?* gene or overexpressing PPM1D p38™“?* phosphatase, mimicked the effect of p53 
inactivation in promoting the transformation of MEF cells by oncogenic ras and E1A. These data 
have placed p38™*"* and p53 in the same pathway that mediates senescence and tumor suppres- 
sion. It remains to be determined whether the epistatic relationship between p38™“"* and p53 
can be reproduced in primary human cells. 


Role of Caveolin-1 in Cellular Senescence and Interplay with p38M4PK 

A possible interplay between caveolin-1 and p38™4?* has been shown to contribute to repli- 
cative senescence of HDFs and premature senescence of transformed NIH-3T3 murine cells in 
a p53/p21™4"!-dependent manner. However, evidence for this interaction in SIPS of HDFs is 
presently missing. 

Caveolae are flask-shaped invaginations of the plasma membrane that mediate signal trans- 
duction events. Caveolin-1, the structural protein component of caveolar membranes, acts as a 
scaffolding protein to concentrate, organize and functionally modulate signaling molecules. Park 
et al reported higher levels of caveolin-1 in senescent HDFs, as compared to younger HDFs. 
Up-regulation of caveolin-1 in senescent HDFs was associated to a significant inhibition of 
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EGF-stimulated ERK-1/2 phosphorylation and regulation of focal adhesion kinase activity. MEFs 
transgenically overexpressing caveolin-1 show a reduced proliferative lifespan, senescence-like cell 
morphology and SA f-gal activity.” These results are consistent with the ability of caveolin-1 to 
arrest MEFs in the G,/G, phase of the cell cycle. Interestingly, over-expression of caveolin-1 in 
MEFs resulted in the transactivation of a p53-responsive element and up-regulation of p21"! 
expression. Taken together, these data suggest that caveolin-1 may mediate premature senescence 
through a p53/p21™*"!-dependent pathway. 

Subcytotoxic concentration of H,O, induces irreversible growth arrest and triggers an overex- 
pression of caveolin-1 in NIH 3T3 cells, which is greatly reduced when the cells harbor antisense 
caveolin-1, whereas the induction of this growth arrest is recovered when caveolin-1 levels is 
restored.Š A possible link between caveolin-1 and p38NAPF has been shown: H,O, and UV 
light stimulate the tyrosine phosphorylation of caveolin-1 in NIH 3T3 cells, while the p38“*"" 
inhibitor (SB203580) blocks this stress-induced process. 

A similar role of p38™4?* has not been reported yet during senescence in non-immortalized 
MEFs nor in HDFs. However high density lipoproteins have recently been shown to induce 
cyclooxygenase-2 expression and prostacyclin release in human endothelial cells via a p38MAPK- 
and caveolin-1-dependent mechanisms.” The activation of Cdc42 Rho GTPase plays a role in 
UV-induced activation of p38™4?* and activated Cdc42 directly interacts with caveolin-1 in 
senescent HDEs,“ suggesting complex mechanisms involving Cdc42, caveolin-1 and p38NAPK 
activation in the senescence of normal human cells. In HDFs, RhoGT Pase cdc42 was shown to be 
responsible for p38™"* activation in turn triggering phosphorylation ofL-caldesmon and HSP27. 
Cdc42 was also shown to be mainly responsible for the increase in TGF-B1 mRNA level observed at 
24 h after treatment with H,O, onwards.” We reported the first evidence of increased nuclear and 
cytoplasmic localization of caveolin-1 during establishment of H,O,-induced premature senescence. 
Moreover, we demonstrated that phosphorylation of caveolin-1 during treatment with H.O, is 
dependent on p38a™“"*, Caveolin1 down-regulation did not block this morphological change nor 
the actin and paxillin distribution normally seen after the treatment. Caveolin1 down-regulation 
with siRNA did not alter the sharp decrease in (7H) thymidine incorporation into DNA, nor the 
increase in p21™*" and TGF-B1 mRNA and in the proportion of SA B-gal positive HDFs, all 


normally observed after treatment with H,O, at sublethal concentration.” 


Premature Senescence as an Anti-Oncogenic Defense Mechanism 

Premature senescence can be induced following the activation of proto-oncogenes in certain 
primary human and murine cells.”””” The ras proto-oncogenes encode small GTP binding proteins 
that transduce growth signals from cell surface receptors in response to extracellular stimuli.”””” In 
various cell types, ras-induced senescence is accompanied by the accumulation of different combina- 
tions of cell cycle inhibitors such as p53, p21"), p16'N“4 and p14/p194™, decreased expression of 
eyc A and reduced kinase activity of CDK2,” as also observed in H,O,-induced SIPS of IMR-90 
HDFs.* All these events are consistent with a G1 growth arrest. It is conceivable that ras-induced 
premature senescence serves as a defensive mechanism against oncogenic transformation in mam- 
malian cells, because it can effectively eliminate cells that have acquired oncogenic ras. Therefore, 
cellular transformation by oncogenic ras requires additional, cooperating genetic alterations that 
bypass ras-induced senescence. A number of genetic changes, including inhibition of p53 or 
p14(p19)4** functions,” defects in TGF-ğ signaling and acquisition of viral oncogenes such 
as adenoviral E1A,” HPV EGE7” and SV40 large T region,” have been reported to allow bypass 
of ras-induced senescence. These findings at least in part provide an explanation to the observation 
that ras needs to cooperate with other genetic alterations to transform primary cells.?”5 


Signaling Pathway Mediating Ras-Induced Premature Senescence— 
The Tumor Suppressing Function of p38MAPK 

Oncogenic activation may be considered as a type of stress on primary cells, which leads to the 
withdrawal of transformed cells from the proliferating population by inducing premature senescence. 
A link between ras activation and oxidative stress was established. In normal HDFs, oncogenic 


p38"4"* in the Senescence of Human and Murine Fibroblasts 133 


ras (Ha-rasV12) increased the levels of intracellular reactive oxygen species (ROS). The ability of 
ras to induce premature senescence seemed to depend on increased ROS levels, since low oxygen 
environments or scavengers of H,O,, conditions under which ROS production was inhibited, 
could rescue senescence. This finding, together with the observations that ROS induce premature 
senescence,” raised the possibility that increased oxidative stress may be a crucial step during the 
induction of senescence by oncogenic ras in HDFs. 

Activation of the Raf/MEK-ERK cascade by ras has been shown to play an important role 
in ras-mediated transformation. Interestingly, the ability of oncogenic ras to induce premature 
senescence also depends on the same Raf-MEK-ERK pathway that mediates cell proliferation and 
transformation.” Constitutive activation of this pathway by overexpressing active forms of Raf-1 
or MEK1 induces the overexpression of p16"N854 and/or p21 AF1 and leads to premature senes- 
cence. In addition, ras fails to induce senescence when activation of the Raf-MEK-ERK pathway 
is pharmacologically inhibited. 

Several recent studies have revealed the involvement of the p38MAPK pathway in premature senes- 
cence induced by active ras or raf- 1.17184271 Ha-rasV 12 or active raf-1 stimulated p38MAPE activity in 
BJ foreskin, ” IMR-90” and WI-38 fetal lung HDFs* and MEFs,” coinciding with the induction of 
premature senescence. The ras-activated p38MAPK activity appeared to be mediated by its upstream 
kinases MKK3 and MKK6, rather than by MKK4, because ras increased the activity of MKK3 
and MKK6, but not that of MKK4 and a dominant negative mutant of MKK3 or MKK6 blocked 
the ability of ras to stimulate p38M“"*.'* Constitutive activation of p38NAPF by forced expression 
of active mutants of MKK3 and MKK6 was sufficient to cause premature senescence. Conversely, 
inhibition of p38“"* activity by SB203580 or by stably expressed, dominant-negative mutants of 
MKK3 or MKK6at least partially rescued the senescence phenotype induced by oncogenic ras.!715 
Furthermore, ras-induced senescence can also be prevented by genetically modulating the activities 
of p38™“"* regulators. Ectopic expression of PPM1D, a phosphatase that inhibits the activation of 
p38MAPK, rendered IMR-90 cells resistant to ras-induced senescence.” In addition, ras was unable 
to cause premature senescence in MEFs deficient in Gadd45a that could bind to and regulate the 
activity of p38NAPE71 PPMTD not only rescued ras-induced senescence, but also facilitated the 
transformation of MEF cells by ras and E1A. In the latter case, bypass of premature senescence 
by Gadd45a deficiency allowed ras to transform MEFs alone without any cooperating oncogenes.” 
"These studies strongly indicate that p38NA"F plays a central role in mediating ras-induced prema- 
ture senescence and argue that p38™4?* pathway has tumor suppressing functions in limiting the 
transformation potential of ras in primary cells. 

Raf-MEK-ERK and MKK3/6-p38™"* represent two independent MAPK pathways that 
mediate distinct cellular processes in response to different extracellular stimuli.”” While the 
Raf-MEK-ERK cascade mainly transduces proliferative signals, the MKK3/6-p38™*"¥ cascade is 
a major mediator of stress responses that usually lead to growth arrest or apoptosis. It was initially 
puzzling how activation of either one of these two pathways with opposing functions was suf- 
ficient to cause senescence and why activation of both pathways was necessary for ras to induce 
senescence. Further investigation has revealed that ras-induced premature senescence is the result 
ofa cross-talk between these two pathways and that the MKK3/6-p38™4"* cascade seems to act at 
least partially downstream of the Raf MEK-ERK cascade to mediate senescence. ”15 Constitutively 
active MEK induced MKK3/6 and p38™*"* activation and premature senescence in a similar fash- 
ion to oncogenic ras. The induction of p38MAPK activity by ras not only requires active MKK3 and 
MKK6, but also active MEK. More importantly, while the p38““"* inhibitor SB203580 rescued 
premature senescence induced by oncogenic ras, active MEK] and active MKK3 and MKK6, the 
MEK inhibitor U0126 rescued senescence induced by ras and active MEK 1, but not that by active 
MKK3 and MKK6. These studies, conducted at either molecular or genetic levels, have all placed 
MKK3/6 and p38™4?* downstream of MEK in the pathway that induces SIPS. 


Conclusion: The Next Steps... 
Depending on the species, the length of telomeres of cells at early generations can greatly differ. 
Mice have much longer telomeres than humans. This greatly changes the biology of telomeres and 
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the mechanisms of senescence. However, p38NAPF seems to play a role in premature senescence in 
fibroblasts of both species. Recent studies have defined a pathway in which oncogenic ras induces 
premature senescence by sequentially activating Rafl, MEK, MKK3/6 and p38™*?*, However, 
several issues remain unresolved concerning this senescence-inducing pathway involving the two 
MAPK cascades. 

First, it remains to be determined whether the involvement of p38™*"* pathway in SIPS is 
universal. Most of the current studies focused on primary fibroblasts and relatively little is known 
about the role of p38MAPF in SIPS in other cells types. Despite the differences in the mechanism 
of senescence between mouse and human cells, p38““"* seems to play a major role in SIPS in both 
species. However, mechanistic details regarding the role of p38NA”F pathway in SIPS may still dif- 
fer in the 2 species. Furthermore, whether p38™4"* is essential for the response to all senescence 
inducers is unknown. 

"The second obvious uncertainty lies in the mechanism by which MKK3/6 is activated follow- 
ing MEK activation. While MEK and ERK are activated instantly following ras or raf] activation, 
the accumulation of active MKK3/6 and p38™“?* kinase seemed to be delayed, lagging behind 
that of active MEK and ERK by hours or days depending on the experimental settings.'”'*”> Thus, 
the p38™"* pathway may be activated by ras as a result of the sustained presence of an active 
MEK-ERK cascade. This finding suggests a model in which MKK3/6 is not activated by MEK 
via direct signaling, but rather through an indirect, slow route. This model is consistent with the 
observation that senescence induced by active MKK3 and MKK6 occurred much more rapidly 
than that by oncogenic ras and active MEK] in BJ cells.'* The hypothesis of a slow route was also 
proposed above for H,O,-induced SIPS, where a sustained phosphorylation of p38NA”F is regulated 
by TGF-81, which is overexpressed after 24 h or more after stress. 

Third, the signaling components that mediate SIPS need to be further defined. It is unclear 
whether ERK is required for the activation of MKK3/6. The roles of four p38™*"* isoforms, a, $, y 
and 6, in the senescence pathway have yet to be determined. It was indicated that a dominant nega- 
tive allele of p388, y or ó delayed but did not completely block ras-induced senescence. Thus in the 
case of ras-induced senescence, these 3 isoforms may all play a role. But it remains possible that these 
retrovirally transduced dominant negative alleles are not potent enough to completely inhibit the 
endogenous kinase and rescue senescence.'* Further studies using siRNA may eventually solve this 
problem. A recent study reported that MEFs from MKK3/6 double knockout mice were not growth 
arrested by serum starvation. If we consider serum starvation as a form of stress, this finding fits the 
concept that these proteins are necessary for stress-induced growth arrest.”* It is worth examining 
whether SIPS can be induced in these cells. Furthermore, it is unclear whether the recently reported 
MKK- independent activation of p38™“"* by an adaptor protein TAB1757 contributes to SIPS. 

Fourth, further studies are needed to define the p38™4?* downstream effectors that directly 
enforce the growth arrest and other senescence phenotypes. Previous studies have implicated either 
p16'X*4/Rb or p53 as the downstream effector of p38™’* in SIPS, as discussed above. It is impor- 
tant to further clarify the roles of p1 65%, Rb, p53 and other possible p38 downstram effectors in 
the SIPS pathway. It also remains to be determined whether p38™“"¥ activates p53 directly or via a 
slow, indirect mechanism. The latter could explain why senescence is favored over apoptosis, likely 
because the p53-dependent growth arresting mechanisms would need time to establish. It could 
also explain why HDFs that enter SIPS at some subcytotoxic concentration of oxidants, will start 
dying when a narrow threshold of oxidant is trespassed,® possibly due to an unbalance between the 
growth-arresting and the apoptosis-inducing signalling pathways. 

Lastly, it has always been controversial whether it is senescence or premature senescence that 
occurs in vivo during age-related processes. The situation is not clear concerning normal aging. 
However, the physiopathological conditions linked with several age-related pathologies are as- 
sociated with oxidative stress and/or release of pro-inflammatory cytokines. Senescent cells have 
been observed in such conditions, favoring the existence of SIPS in vivo, in addition to replica- 
tive senescence or not. Demonstrating the role of p38™4?* in these pathological conditions could 
represent a path to follow for new interventional strategies. 
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Abstract 

he stability of the proteome is crucial to the health of the cell, and contributes significantly 

to the lifespan of the organism. Aging and many age-related diseases have in common 

the expression of misfolded and damaged proteins. The chronic expression of damaged 
proteins during disease can have devastating consequences on protein homeostasis (proteosta- 
sis), resulting in disruption of numerous biological processes. This chapter discusses our current 
understanding of the various contributors to protein misfolding, and the mechanisms by which 
misfolding, and accompanied aggregation/toxicity, is accelerated by stress and aging. Invertebrate 
models have been instrumental in studying the processes related to aggregation and toxicity of 
disease-associated proteins and how dysregulation of proteostasis leads to neurodegenerative 
diseases of aging. 


Protein Folding Problem in Aging 

Proteins are the predominant products of gene expression and contribute significantly to the 
shape and functionality of the cell. The status of the expressed proteome has an important role 
in the health of individual cells and the lifespan of the organism. In addition to cell type- and 
tissue-specific regulation of protein expression, maintenance of the proteome depends on efficient 
protein folding homeostasis, or proteostasis, that monitors and ensures folding, assembly and targeting 
of newly-synthesized proteins, repair of damaged proteins and clearance. Proteotoxic conditions 
arise by external stresses, or as a byproduct of normal cellular metabolic and signaling events dur- 
ing development and aging (Fig. 1). This is in addition to the intrinsic variation in the proteome 
due to polymorphisms, which is further exacerbated by random errors that can occur at every step 
of protein biogenesis. Together, these factors contribute to a flux of metastable proteins that are 
at risk for misfolding and aggregation.’ In healthy young cells, these processes are balanced by 
the concerted action of molecular chaperones, detoxifying enzymes, degradation machinery and 
adaptive stress responses (Fig. 2).57 In aging and disease, damaged proteins accumulate, leading 
to both loss-of-function and gain-of-function toxicity as these homeostatic mechanisms fail and 
contribute to pathology. 
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Factors detrimental to protein folding 


Stressors - pathophysiological states (fever, inflammation, infection, hypoxia, reperfusion, etc.) 
- hormonal imbalance (thyroid and growth hormone, IGF-I, etc.), emotional/psychological stress 
- nutrient intake and imbalance 
- amino acid analogues (including from food sources - azetidine, canavanine) 


- physical stress (temperature, irradiation, UV light, mechanical stress) 
- environmental stressors 
(heavy/transition metals, alcohols, arsenates, pesticides, mutagens, irritants, etc.) 
- aberrant physiological conditions (oxidation, osmolarity, pH) 
- trauma, injury 
- antibiotics and anti-inflammatory drugs (puromycin, tetracycline, NSAID, indomethacin) 
- alcohols, nicotine 
- anesthetics 


“Activities of - respiration, glycolysis 


daily living” - neurotransmission 
- bursts of protein synthesis (differentiation) 
- signaling 
Mutations, - protein conformation 
Polymorphisms, - subunit stoichiometry protein misfolding ~> protein conformation diseases of aging 
Mistranslation - protein stability 
Damaged/ - protein misfolding => = chaperonopathies 
mutated 
chaperones 


Figure 1. Extrinsic and intrinsic factors detrimental to protein folding. 


Sources of Protein Damage— Oxidative Modifications 

The ‘free radical theory” and the ‘oxidative stress theory’*" of aging postulate that aging and 
many age-related diseases may be attributed to the generation of oxygen free radicals and reactive 
oxygen and nitrogen species (ROS and RNS), in excess of cellular antioxidants, resulting in oxida- 
tive damage to DNA, lipids and proteins. Early evidence connected many of the aging-associated 
diseases, including atherosclerosis, arthritis, muscular dystrophy, cataracts, pulmonary dysfunction, 
neurological disorders and cancer with oxidative damage." Levels of oxidized proteins increase 
exponentially in regions of aging brains, concomitant with a decrease in the activities of the enzymes 
glutamine synthetase and alcohol dehydrogenase, which are susceptible to oxidative damage.'? The 
decrease in glutamine synthetase activity was found to distinguish the brains of Alzheimer’s disease 
(AD) patients from age-matched individuals, leading to the suggestion that AD may represent a 
specific brain vulnerability to age-related oxidation. Furthermore, a functional connection between 
the accumulation of oxidized proteins and the phenotypic manifestations of cellular disfunction 
in aging has been suggested. 

In addition to oxygen radicals, glucose, galactose, fructose and many glycolytic intermediates 
participate in non-enzymatic protein glycosylation (glycation) and glycoxidation, contributing to 
age-related protein modifications. Some glycolytic intermediates can generate methylglyoxal (MG), 
which is a highly reactive glycating agent,” leading to the formation of advanced glycation end 
products (AGEs), that have been implicated in age-related diseases, including Alzheimer’s disease 
and complications associated with diabetes.'*"’ A decrease in circulating glucose and reduction of 
MG, resulting from dietary restriction or fasting, may explain some of the health-improving effects 
of these treatments.'* Recently, an inactivating mutation in a glycolytic enzyme triosephosphate 
isomerase (Tpi) was shown to cause progressive motor impairment, severely reduced lifespan and 
neurodegeneration in Drosophila, presumably by causing an accumulation of methylglyoxal and 
subsequent increase in generation of AGEs.” 
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Figure 2. Proteostasis pathvvays. Multiple interconnected pathvvays regulate expression of genes 
that contribute to maintenance of protein folding homeostasis during grovvth, development, 
and under various stress conditions. The complex genetic interactions among these pathvvays 
necessitate precise control over their activities. Many of these pathvvays also possess regula- 
tory feedback mechanisms, vvhich are not vvell characterized/understood. 


Loss of protein function due to oxidative modification can be due either to direct inhibition 
of activity of a protein (for example, covalent modification of a side chain in proximity of an 
active site), or to conformational changes or alteration of protein stability. Most modifications 
of the first type are irreversible, with the exception of cysteine and methionine modifications, 
which can be reversed by thiol transferases, thioredoxin, glutaredoxin and methionine sulfoxide 
reductases (MsrA and MsrB). The detoxification of methylglyoxal and glyoxal is achieved by 
the glutathione-dependent glyoxalase system. These and other enzymes are part of the cellular 
proteostasis machinery that is activated in response to various protein damaging conditions. 
For example, MrsA and B allow recovery of protein function in specific cases?021 and their 
overexpression confers protection against oxidative damage in yeast, Drosophila and human 
fibroblasts.?! 

In addition to functional inactivation of proteins, free radicals can have a local effect on charged 
side chains, or cause cleavage of the polypeptide backbone, leading to a spectrum of consequences, 
from complete unfolding, to local conformational changes,” to targeting for disposal. If not 
degraded, modified proteins often become cross-linked, leading to the accumulation of nonspe- 
cific aggregated material, such as lipofuscin, ceroids and AGE-containing pigments. Nuclear and 
cytosolic oxidized proteins have been shown to be degraded by an ATP- and ubiquitin-independent 
20S proteasome” as well as by classical ubiquitin-26S proteasome system,” whereas mito- 
chondrial oxidized proteins are degraded by the ATP-dependent Lon protease.”* Interestingly, 
the 20S proteasome appears to be resistant to oxidative damage, while 26S proteasome is not.” 
Chaperone-mediated autophagy represents an alternative protein degradation pathway that is 
induced under oxidative stress conditions. ° Under chronic oxidative stress conditions, there seems 


Protein Homeostasis in Models of Aging and Age-Related Conformational Disease 141 


to be a damage cascade, whereby the initial appearance of modified proteins, which signifies the 
insufficiency of the repair and degradation arm of proteostasis machinery, results in further inhi- 
bition of both proteasomal and lysosomal functions (reviewed in refs. 21,24) and thus in further 
accumulation of protein damage. 


Sources of Damaged Proteins—Misfolding 

One source of damaged—often misfolded, mislocalized, or aggregated—proteins are er- 
rors inherent in protein biosynthesis and turnover. Variations in amino acid sequence, which 
may result from genetic mutations and polymorphisms, genomic instability, mistranslation, or 
incorporation of amino-acid analogues (such as certain antibiotics or plant metabolites, Fig. 
1), have the potential to affect folding pathways and the stability of the native state.”*! For 
example, coding polymorphisms are not rare and are estimated to occur at an average of two 
per coding sequence,** while misincorporation during translation might cause up to 18% of 
expressed proteins to contain an amino acid substitution.” Our ability to understand, let alone 
predict, the consequences of missense mutations on the folding, stability or functionality of a 
given protein in vivo remains very limited, with data limited to a few model proteins studied in 
vitro, or to computational models. This is further complicated by the fact that the phenotypic 
expression of mildly destabilizing protein polymorphisms appears to depend on the robustness of 
the protein folding environment’*** and the capacity of the proteostasis network. Recent work 
on the evolution of protein sequences suggests that selection against the toxicity of misfolding 
due to mistranslation may represent an important evolutionary pressure in the case of highly 
expressed proteins.” From a physiological perspective, this may be interpreted to indicate that 
the flux of misfolded or destabilized proteins in a cell bears a significant fitness cost, not only 
through the loss-of-function of the misfolded proteins, but also because of the toxic effects of 
induced aggregation and the consequences of inappropriate intermolecular interactions,273%40 
as well as abnormal engagement of molecular chaperones and degradative machinery. Because 
of these gain-of-function properties of destabilized proteins, their chronic presence may exceed 
the capacity of the proteostasis machinery to cope, leading to the disruption of folding homeo- 
stasis and cellular dysfunction. Indeed, introduction into a cell of even one protein with a strong 
tendency to misfold has been shown to interfere with the folding and function of other cellular 
proteins harboring mildly destabilizing amino acid substitutions (Fig. 4). 

At the organismal level, consequences of misfolding due to biosynthetic errors can be gleaned 
from a sti mouse model, in which low levels of mischarged transfer RNAs, due to an editing de- 
fect in alanyl-tRNA synthetase, lead to neurodegeneration, with cerebellar Purkinje cell loss and 
ataxia.*' Neurodegeneration is also a consequence of a mutation of the tyrosyl-tRNA synthetase 
in a subtype of Charcot-Marie-Tooth neuropathy.” The mouse s# mutation leads to the produc- 
tion of heterogeneous misfolded proteins, accompanied by increased expression of chaperones 
in the cytoplasm and the ER.“ This increase in the components of the proteostasis machinery 
indicates that adaptive transcriptional responses—the heat shock response and the unfolded 
protein response—are activated in the face of protein misfolding, as cells attempt to maintain 
folding homeostasis.’ However, the cellular dysfunction and degeneration in this mouse model 
together indicate that proteostasis is overwhelmed by the chronic elevation of misfolded proteins. 
A provocative question, then, is whether all misfolded and damaged proteins are recognized, 
refolded or cleared with equal efficiency, or whether certain proteins, such as those implicated in 
neurodegenerative diseases and other misfolding diseases of aging, are particularly challenging for 
the quality control machineries. 

The lack of robustness of cellular folding homeostasis to chronic misfolding has significant 
implications for aging and age-related diseases. First, the aging of an organism is accompanied by 
an increased accumulation of damaged proteins, with contributions from both external stresses and 
physiological processes (Fig. 1). Second, the fidelity of biosynthetic processes decreases, exacerbated 
by a decline in the functionality of repair enzymes (reviewed in ref. 43) and the dampening of the 
heat shock response (reviewed in ref. 44). As accumulated misfolded proteins deplete essential 
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components of the proteostasis machinery””” and the quality control and repair mechanisms 
fail to respond and keep damaged proteins in check, the maintenance of the proteome becomes 
further compromised. With as much as 70% of rare missense alleles predicted to be mildly deleteri- 
ous in humans“ and approximately half of the genetic changes known to cause inherited disease 
(in OMIM and HGMD databases) being due to nonsynonymous changes,” such compromise 
should manifest in a gradual increase in cellular dysfunction and onset of disease. In this scenario, 
the strength and composition of the proteostatic buffer, the specific complement of mutations 
and polymorphisms in expressed genes and the accumulation of molecular damage, all serve to 
set a dynamic threshold for the onset of dysfunction, both in a cell-specific and an individual 
organism-specific manner. 


Proteostasis Regulation in Aging and Late Onset Diseases 

Adaptive transcriptional stress responses such as the heat shock response and the unfolded 
protein response (UPR) serve to protect cells from extreme flux of misfolded and damaged 
proteins when cells or organism are exposed to an acute proteotoxic condition (reviewed in refs. 
49,50). Parallel to the sharply increased transcription/translation of molecular chaperones and 
components of degradative quality control machineries, mediated by the transcription factor 
HSF1, a generalized inhibition of protein synthesis allows the switch to refolding or degradation 
of existing proteins that become unstable during such proteotoxic shock! However, the fact 
that HSF 1, the components of the UPR signaling,*** as well as some of the stress-inducible 
molecular chaperones are essential for life or development suggests that these adaptive stress 
responses are also necessary for the maintenance of proteostasis under normal, nonstress con- 
ditions. On the other hand, forced overexpression of molecular chaperones is deleterious to 
growth of normal cells,”””” while the transformed phenotype of cancer cells depends on HSF1 
and on an increased expression of chaperones.*”*' It appears then that the precise regulation of 
proteostasis networks is essential for the health of the organism, while accumulating evidence 
points to its disregulation during aging as one of the main causes of cellular dysfunction and 
disease onset. 

‘The association with aging is one of the most distinctive characteristics of protein confor- 
mation diseases. This connection is particularly striking in neurodegeneration where, for each 
specific disease, age is the strongest predictor of disease onset even for the familial variants. On 
the other hand, age appears to have a modifying, rather than causative, influence on disease onset, 
as each disease has its characteristic age of onset, with Alzheimer’s disease and Parkinson’s disease 
being late onset, ALS occurring most frequently in early to mid-life and Huntington’s disease 
exhibiting a strong positive correlation between age of onset and polyQ length polymorphism.” 
Aging has been shown to be a potent enhancer of aggregation/toxicity in C. elegans, in which 
length-dependent polyQ aggregation and toxicity phenotypes are enhanced during aging, but 
suppressed in animals rendered long-lived by mutations in the lifespan regulating insulin-like 
signaling (ILS) pathway (Fig. 2).° 

The modulatory effects of aging are most likely due to the functional and regulatory connections 
between aging and protein homeostasis. Activation of the kinase activity of IP3K (AGE-1), by 
downregulation of the insulin-like growth factor receptor DAF-2, in wild type C. elegans, initiates 
a signaling cascade that represses the fork head transcription factor DAF-16.® De-repression of 
DAF-16 in age-1 or daf-2 mutant animals extends lifespan, while inactivating daf-16 mutations 
suppress longevity. The daf-2/age-1 effects on polyQ aggregation toxicity also require DAF-16 
activation, revealing that the dual effects of daf-2/age-1 on longevity and polyglutamine toxicity 
share a common genetic pathway (ILS pathway, Fig. 2).°°’ The modulation of protein misfolding 
and aggregation by the ILS pathway appears to be a general feature and has also been observed in 
C. elegans expressing AB as a model for Alzheimer’s disease.“ 

How do genetic pathways that regulate lifespan suppress proteotoxicity? The molecular 
interactions between these pathways are mediated, in part, by factors that detect and respond 
to misfolded proteins—molecular chaperones, HSF1, DAF-16 and other transcription factors 
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(Fig. 2), and molecular chaperones have been shown to accumulate in the long-lived mutants 
of C. elegans. Downregulation of psf 1 suppresses both the ILS-mediated lifespan extension and 
the protection against proteotoxicity. Moreover, hsf-1 downregulation leads to a decrease in 
normal lifespan and an accelerated aging phenotype in C. elegans, while overexpression of HSF1 
extends lifespan.%%% The functional relationship between ILS and protein folding homeostasis 
can be demonstrated by the induction of both thermotolerance and life span extension not only 
by mutations in the ILS pathway, but also by a sublethal heat stress. Furthermore, cells from 
naturally long-lived” or lifespan mutant”! rodents appear to be resistant to multiple proteotoxic 
stresses. The mechanistic relationship can be shown by the induction of stress resistance by 
ablation of cells making insulin-like ligands in wild type Drosophila,” thus excluding indirect 
effects and adaptation to mutations. In C. elegans, inactivation of daf-16, hsf-1, hsp-1 (the major 
cytosolic Hsp70 chaperone) and small heat shock proteins accelerates polyQ protein aggrega- 
tion (Fig. 3C), supporting the proposition that the ILS could coordinately influence aging and 
proteostasis through the action of DAF-16 and HSF1.““” The regulation of ILS pathway and of 
HSF1 and other transcription factors (such as SKN-1,” the C. elegans Nrf2 homologue) in the 
context of adaptive stress responses must serve to integrate organismal growth and development 
with multiple networks that regulate different aspects of protein homeostasis. 75765 We are only 
now beginning to understand how such integration could be achieved, with recent evidence 
showing that the ability of individual cells in an organism to respond to proteotoxic conditions 
is controlled by the activity of a subset of neurons.” 

In addition to the control of the heat shock response by neuronal signaling, there have been 
numerous observations in which the heat shock response is poorly or incompletely activated, 
including early in development.” Of particular interest are studies of the deficiency of the heat 
shock response in the brain and during aging.”””” Restricted expression of heat shock genes has 
been observed in different regions of the brain, while neuronal cells in culture can exhibit selec- 
tive induction of chaperone genes. Human neuroblastoma Y79 cells, for example, respond to heat 
shock by induction of many chaperones including Hsp90, but not Hsp70, despite activation of 
HSE1.7 Intact primary hippocampal neurons from neonatal rat embryos express HSF2 but not 
HSF1 until later stages of development.” Consequently, the heat shock response of primary hip- 
pocampal neurons is deficient, while astrocytes have a robust stress response. Similar observations 
have been made in primary motor neurons that exhibit a deficient heat shock response thought 
to be due to a defect in activation of HSF1.°*° 

The involvement of proteostasis networks in conformational diseases and aging is underscored 
by a decrease in toxicity when individual molecular chaperones are overexpressed in various 
cell-based and animal models (reviewed in ref. 81). Overexpression of HSF1 and certain mo- 
lecular chaperones has been shown to extend lifespan “5675255 Furthermore, the ability to induce 
the heat shock response under conditions of environmental proteotoxic stress is predictive of the 
remaining poststress lifespan.***° Likewise, proteasomal adaptation (by modulation of substrate 
accessibility to the proteasome core) to environmental stress in C. elegans ensures both resistance 
to proteotoxic conditions and maintenance of lifespan under normal conditions, arguably through 
regulating the degradation of misfolded proteins.** Moreover, because both HSF-1 and DAF-16 
are regulated by the NAD-dependent sirtuin, SIRT 1," in addition to the ILS-pathway, it is 
reasonable to suggest that regulation of proteostasis is intimately linked by multiple pathways to 
metabolic control and lifespan. 


Late Onset Diseases are Mainly Protein Folding Diseases 

Common features of protein conformation diseases are the accumulation of protein deposits 
(such as aggregates, inclusion bodies and plaques) and a presumably consequential “gain-of-func- 
tion” proteotoxicity.””! These features, which are characteristic of misfolded protein species, are 
present in neurodegenerative diseases of aging such as Parkinson’s disease, amyotrophic lateral 
sclerosis (ALS), prion disease, Alzheimer’s disease and the family of disorders generally referred to 
as the CAG-repeat/ polyglutamine-expansion diseases (Huntington’s disease), Kennedy’s disease, 
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Figure 3. A) SOD1 mutant proteins aggregate in the body wall muscle cells of C. elegans. 
Fluorescent micrographs of SODftransgenic embryos (i-iv) and adult animals (ix through xii) 
showing the distribution of the SOD-YFP fluorescence (green) and Rhodamine-phalloidin 
stained myofilaments (red). WT SOD1 protein exhibits diffuse, if patchy, fluorescence, while all 
mutant strains contain discrete fluorescent foci as well as some diffuse fluorescence. Panels v 
through viii show G85R animals in all larval stages (L1 through L4). Adapted from Gidalevitz 
et al, 2009 (ref. 38). B) Length-dependent aggregation of polyQ-YFP fusion proteins in C. e/- 
egans. Epifluoresence micrographs of 3- to 4-day-old C. elegans expressing different lengths 
of polyQ-YFP (QO, Q19, Q29, Q33, Q35, Q40, Q44, Q64, Q82). Adapted from Bieschke et 
al, 2006 (ref. 63). C) RNAi for hsp-7 and hsf-7 induces aggregate formation of polyglutamine 
YFP proteins in a Q stretch length-dependent manner. Fluorescence microscopy pictures of 
4-day-old C. elegans adults expressing QO-YFP or Q35-YFP. RNAi of either hsp-7 or hsf-7 
results in premature onset of aggregation in Q35 animals. Adapted from Nollen et al, 2004 
(ref. 100). B,C) Copyright National Academy of Sciences, USA. Used with permission. D) 
HSP70 overexpression suppresses polyglutamine-induced neurodegeneration in Drosophila. 
Eyes (i-iv) and retinal sections (v,vi) of flies expressing expanded polyglutamine protein and 
human HSPAIL are shown. i,v, Control fly expressing only the promoter transgene. ii,vi, Flies 
expressing HSPATL, coding for Hsp70 protein. Eye structure appears grossly normal. More 
detailed analysis revealed abnormalities in nuclear position and photoreceptor rhabdomere 
morphology when HSPATL is highly expressed. iii,vii, Flies expressing the expanded polyglu- 
tamine protein MJDtr-Q78. These flies have degenerate eyes that lack pigment and show severe 
loss of retinal structure. iv,viii, Flies expressing both MJDtr-Q78 and F/SPATL. Co-expression 
of HSPATL ameliorates the degenerative effects of MJDtr-Q78. The eye appears normal 
externally. Internally, eye structure is largely restored, although photoreceptor rhabdomere 
specializations are not made. Adapted from Warrick et al, 1999 (ref. 98). 
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spinocerebellar ataxias). Each disease has the distinctive characteristic of age-dependent onset, 
a progressive, usually fatal, clinical course and selective neuronal vulnerability despite broader 
expression of the causative protein. 

Despite the fact that the proteins that are now known to “cause” neurodegenerative diseases 
lack similarities in primary sequence (other than the polyQ tract in CAG-repeat expansion 
diseases), they all share the ability to form alternate unfolded or misfolded states that in turn 
aggregate and/or are toxic. Thus, misfolding and aggregation has been proposed to be the mo- 
lecular underpinning of disease. This is supported by evidence from transgenic model systems 
including S. cerevisiae, C. elegans and D. melanogaster,”””’ in which it has been possible to reca- 
pitulate many molecular, cellular and behavioral phenotypes associated with neurodegenerative 
disease. The development of these nonmammalian models for protein conformational disease 
has been invaluable for the discovery of modifiers, pathways and underlying mechanisms of 
toxicity and for the testing of small molecules.%%9š-101 Additionally, these models have solidified 
our understanding of the link between protein conformational disorders, molecular chaperones 
and proteostasis regulators and aging.“ 


Invertebrate Models of Late Onset Conformational Diseases 

"he link between protein misfolding and human neurodegenerative disease and the fact that 
the machinery involved in proteostasis maintenance, is highly conserved amongst eukaryotes, 
has led to the widespread use of invertebrate models systems, such as C. elegans and Drosophila. 
Ultimately, modeling aspects of human neurodegenerative diseases in invertebrates allows for 
genetic manipulations, such as mutant screens/identification of modifiers and aging studies that 
would be prohibitively time consuming if carried out in vertebrate animals. 

These studies in C. elegans and D. melanogaster benefit from the sequenced genomes, relatively 
short life cycles and abundant genetic tools of these well-characterized model organisms. C. elegans 
is particularly well suited for the study of neurodegenerative diseases of aging due to its a relatively 
simple (but still sufficiently complex) nervous system, its genetically defined aging pathway and 
the relative ease to perform live cell imaging of fluorescent proteins for studies of disease-causing 
protein aggregation dynamics. Likewise, in D. melanogaster the photoreceptor neurons have proven 
to be highly amenable to these types of studies, as human proteins can be ectopically expressed 
and the readout for proteotoxicity is revealed by effects on eye morphology. 

To date, a relatively large number of invertebrate models of human neurodegenerative diseases 
have been generated. Importantly, these models have solidified our understanding that protein 
misfolding underlies the mechanism(s) of disease action. Furthermore, the invertebrate models have 
opened up new ways to study the molecular underpinnings of disease and to identify genes and gene 
networks whose activities are involved, positively or negatively, in modulating aggregation/toxicity. 
We begin with an overview of the existing models and discuss what has been learned from them 
generally and in what ways they recapitulate key aspects of human disease. 


PolyQ 


Huntington’s disease (HD) and a number of related neurodegenerative diseases are caused 
genetically by expansions of polyQ-encoding CAG tracts in specific individual genes/proteins. 
Expressing these proteins, with wild-type or expanded polyQ tracts, in invertebrates has proven to 
be an effective way to study the molecular underpinnings of protein misfolding/toxicity associated 
with polyQ disorders. Specifically, SCA3/MJD (Machado-Joseph disease) (Fig. 3D)” and HD"? 
were modeled in Drosophila and shown to recapitulate many important aspects of disease including 
cell-type specific sensitivity to the expressed protein, nuclear inclusion formation and late-onset 
cellular degeneration. These findings were furthered by the expression of polyQ proteins in C. 
elegans (Fig. 3B,C). HD models have been generated via the expression, in neuronal subsets, of an 
N-terminal fragment of the protein Huntingtin (Htc) with the wild type or a long polyglutamine 
(polyQ) tract.”*”” Ultimately, it was shown that human Htt with an expanded polyglutamine tract 
led to aggregate formation in, and apoptotic cell death of, ASH sensory neurons, in a sensitized 
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genetic background.” Additionally, Het with 128 glutamines fused to YFP aggregated when 
expressed in PLM mechanosensory neurons and caused neuronal abnormalities but not death.” 
Having such fluorescently tagged variants of disease-causing proteins in C. elegans has proven 
highly advantageous by allowing for the real-time monitoring of aggregation and using dynamic 
imaging techniques in this transparent organism.3%6396103 

The overall similarities between various polyQ disorders suggested that the polyQ expansions 
are predominantly, if not solely, responsible for the observed disease pathologies. To address this, 
general polyQ models, in which only the polyQ tract, without any of its normal flanking protein 
sequences (but fused in some cases to YFP, or to another protein not usually containing a polyQ 
tract) were developed (Fig. 3B).5396103 The data from these models provided the first direct in 
vivo evidence that polyQ tracts themselves, independently of their protein context, aggregate 
and are toxic. 

‘The significance of recapitulating key aspects of disease by expressing a single human protein in 
an invertebrate should not be underestimated. It confirmed that the mutant proteins are generally 
toxic even across species and in different cell types. This, in turn, lead to the hypothesis that the 
highly conserved cellular quality control system, involving protein folding/clearance, is inherently 
lacking the ability to prevent damage by these polyQ-containing disease-causing proteins. 


Ap 

Alzheimer’s disease (AD) is a relatively common neurodegenerative disorder affecting nearly 
30% ofall individuals older than 85 years of age. It is characterized by the accumulation of B-amyloid 
plaques and neurofibrillary tangles. The major proteinaceous components of B-amyloid plaques 
in AD patients are AB peptides; specifically, AB, 4 and Ağı, which are produced via proteolysis 
of APP, the amyloid precursor protein. To model AB aggregation/toxicity in an invertebrate 
model system, AB,4. was expressed in C. elegans body wall muscle cells and was shown to form 
amyloid plaques that have biochemical characteristics similar to those found in the brains of AD 
patients.’ Additionally, AB 4. and AB, 4 were expressed in Drosophila photoreceptor neurons.'° 
It was shown that Ağı ə is substantially more toxic than AB a,” consistent with the idea that 
Ağı has a higher amyloidogenic propensity. 


Tau 

In addition to amyloid plaques, AD and other neurodegenerative diseases are characterized 
by the formation of neurofibrillary tangles comprised of the protein tau. Expression of mutant 
tau in specific neuronal subtypes or under pan-neuronal control in Drosophila resulted in neu- 
rodegeneration, but not neurofibrillary tangle/filamentous aggregate formation, as determined 
by electron microscopy, suggesting that the tangles themselves are not the source of mutant tau 
toxicity.'” Expression of tau in all C. elegans neurons resulted in motility defects indicative of tau 
proteotoxicity, providing further support to the idea that low levels of tau protein, not necessarily 
neurofibrillarly tau tangles or otherwise insoluble tau, are required for toxicity.1% 


Alpha-Synuclein 

Familial forms of Parkinson’s disease (PD) are caused by mutations in the protein alpha-synu- 
clein.!"!° Expression of alpha-synuclein in C. elegans neurons was shown to cause neurodegen- 
eration of neuronal subsets.!!! Expression of alpha-synuclein in body wall muscle cells resulted in 
age-dependent aggregation, a phenotype that was used to perform a genetic screen for suppressors 
of aggregation (see below).'” 


SODI 

Amyotrophic Lateral Sclerosis (ALS) is a neurodegenerative disease that, in its inherited 
form, is often associated with mutation of superoxide dismutase 1 (SOD1). A large number of 
mutations in SOD1 have been identified and shown to be linked to ALS./ Evidence suggests 
that mutations in SOD1 cause disease not by loss of SOD 1 function, but instead by gain of toxic 
function by the mutant protein. Therefore, to model SOD1 protein misfolding/toxicity, these 
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Figure 4. Progressive disruption of cellular folding capacity by misfolded proteins. A,B) Confocal 
images showing cellular localization of ts mutant paramyosin in the absence (A) or presence 
(B) of Q40-YFP. Arrows, normal muscle sarcomeres, arrowheads, abnormal paramyosin(ts) 
assemblies in the presence of Q40, both under permissive conditions. C,D) Images of Q40-YFP 
fluorescence in L2 larval stage animals expressing wild type (C) or ts mutant paramyosin (D) 
under permissive conditions. Adapted from: Gidalevitz T et al. Science 2006; 311:1471-1474;3 
©2006 with permission from AAAS. 


mutations have been expressed in a number of genetic systems including mouse, Drosophila and 
C. elegans. To model SOD 1 protein misfolding in Drosophila, wild type human SOD1 (hSOD1), 
two mutant forms of SOD1 (G85R and A4V) and Drosophila SOD1 (dSOD1) were overex- 
pressed in Drosophila motor neurons." It was shown that unlike dSOD1, wild type and mutant 
hSOD1 are toxic, but non-aggregating in Drosophila.'“ This is in contrast to what was observed 
when hSOD1 was expressed in C. elegans body wall muscle cells,** or neurons.!!5 Namely, expres- 
sion of YFP-tagged SOD1 (G85R) under the control of a pan-neuronal promoter resulted in 
motility defects and distinct neuronal subtype-type-specific aggregation phenotypes that were 
confirmed by FRAP analysis." Likewise, expression of a number of different disease-associated 
SOD1 mutants in C. elegans body wall muscle cells resulted in the formation of SOD 1 protein 
aggregates (Fig. 3A).** Interestingly, the toxic effects of mutant forms of SOD1 were subtle 
in body wall muscle cells, but enhanced in the background of metastable ts proteins.** This is 
consistent both with the finding that temperature sensitive proteins can exacerbate the toxic 


effects of polyQ protein expression (Fig. 4)? and with the idea that disease phenotypes and/or 
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proteotoxicity are highly sensitive to changes in the folding environment, presumably due to 
limited folding resources (see discussion below). 

Why are these disease-causing proteins toxic to cells? In other words, why can’t cells, or more 
specifically, affected neurons, combat the toxic effect of their expression either by activating the 
machinery responsible for assisting in the folding of misfolded protein species or in clearing them 
via autophagy and/or proteasome-mediated degradation? 


Failure of Homeostasis in Conformational Disease of Aging 


Failure of Adaptive Stress Responses 

The cytoplasmic heat shock response and the ER and mitochondrial unfolded protein responses 
are the adaptive responses employed by cells to combat proteotoxic stress. The heat shock response 
is a multistep process that results in the immediate induction of transcription and translation of 
genes encoding molecular chaperones, proteases and other proteostasis regulators and in a general- 
ized translational silencing. Although recent evidence indicates that additional signals may activate 
heat shock response,!!%1!š appearance of misfolded proteins is thought to serve as the predominant 
signal for its induction.'!”” Misfolded proteins are thought to titrate HSF 1-associated chaperones, 
releasing the inhibition of HSF land enabling it to trimerize and translocate into the nucleus. This 
results in the activation of Hsp gene transcription, rebalancing of proteostasis and, finally, the 
attenuation of the heat shock response (reviewed in ref. 124). The main function of heat shock 
proteins during stress is to prevent inappropriate protein interactions and aggregation, mainly 
through binding to the exposed hydrophobic areas on a variety of cellular proteins, followed by 
the facilitation of refolding, or targeting to degradation during the recovery phase. Many of these 
proteins also function as molecular chaperones in the absence of stress, by guiding conformational 
transitions during synthesis, folding, translocation, assembly and degradation of proteins.'**!"6 As 
chaperones affect other cellular functions, such as signaling,”” the proper regulation of chaperone 
expression is critical to the health of the cell. 

The ability of cells to manage general/widespread protein misfolding during heat shock and 
other proteotoxic stress conditions suggests that the combination of the abundant expression of 
chaperones under basal conditions, 5:78 together with the adaptive stress responses, provides suf- 
ficient ‘folding capacity’ to buffer unexpected folding requirements. Thus, the accumulation of 
misfolded and aggregated proteins associated with aging-related conformational diseases, and the 
misfolding-associated toxicity, indicate a failure of folding homeostasis. 

Understanding the molecular mechanisms underlying this dysfunction is essential to both defin- 
ing the mechanisms of toxicity and finding targets for corrective interventions in conformational 
disease and, perhaps, aging. Several possible, but not mutually exclusive, mechanisms are indicated 
by observations of dysregulation of proteostasis under these conditions. First, Hsp expression is 
often not induced in symptomatic cells, despite the accumulation of misfolded and aggregated 
proteins; moreover, decrease in specific chaperone expression has been noted.!??4 In C. elegans, 
intracellular accumulation of misfolded and aggregated polyQ proteins only sporadically activated 
HSP expression” and in fact required the downregulation of ILS signaling for modulation of its 
toxicity. This points to a potential override of the cellular stress response at the organismal 
level, which traditionally has been considered to be cell-autonomous. Alternatively, it is possible 
that the accumulation of misfolded proteins in models of conformational diseases is either too 
gradual, or does not reach the threshold for heat shock activation. Second, molecular chaperones, 
components of degradative machinery and other proteins are often found trapped in aggregates, 
potentially mimicking hypomorphic phenorypes.2%135136 Third, there is evidence that the accumu- 
lation of misfolded proteins leads to the inactivation of components of proteostasis networks, in 
particular the proteasome%%1%135 and of the cell’s ability to induce a heat shock response” through 
the disease-associated misfolded proteins. The downregulation of specific chaperones and the 
inhibition of heat shock induction could potentially indicate that cells (or organisms) adapt to 
the chronic expression of misfolded proteins by actively preventing stress induction. 
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Whatever the specific mechanism of proteostasis dysfunction, it is clear that our ability to po- 
tentially adjust, if not correct, proteostatic networks to cope with the chronic protein misfolding 
may be essential to our ability to manage, or even prevent, conformational diseases of aging.’ 


Disruption of Proteostasis by Chronic Misfolding 

Our knowledge of how protein misfolding and the disruption of proteostasis translate into 
cell-specific and disease-specific toxicity is still quite limited. Evidence from C. elegans suggests 
that the toxicity associated with expression of expanded polyQ and mutant SOD1 proteins is 
caused, in part, by the global disruption of the cellular protein folding homeostasis, resulting in a 
destabilization or misfolding of various metastable proteins.*** The potential sources of metastable 
proteins, as described above, range from expressed protein polymorphisms, to protein damage 
from environmental stresses, to what has been termed ‘activities of daily living’ for example cell 
signaling, glycolysis, or respiration. When temperature-sensitive (ts) metastable proteins were 
used to mimic naturally occurring mildly destabilizing polymorphisms, they acted both as sen- 
sors of cellular protein folding capacity and contributors to cellular dysfunction. Expression of 
polyQ or mutant SOD1 in muscle or neuronal cells of C. elegans leads to the exposure of the 
temperature-sensitive phenotype at permissive conditions, mediated by misfolding and loss-of 
function of ts mutant protein present in the same cell (Fig. 4A) 535 Furthermore, the misfolding 
of ts proteins not only directed the specific phenotypes, but further increased aggregation of the 
polyQ proteins (Fig. 4B). The misfolding of ts proteins was most likely due to the depletion, by 
the polyQ or mutSOD1 proteins, of folding resources, necessary for maintaining these ts proteins 
in their folded and functional conformations.'°"*! A recent finding that many of the modifiers 
of toxicity of polyQ-expanded ataxin-3 in Drosophila also rescue the generic toxicity of protein 
misfolding due to the reduced function of Hsp70' strongly supports the disruption of proteostasis 
as a mechanism of toxicity. Furthermore, both the functionality of metastable proteins and the 
aggregation of polyglutamine expansions can be compromised by neuronally mediated overexcita- 
tion of the muscle cells in C. elegans.'®! 

These findings parallel the evidence discussed above, that the selection against the toxicity of 
misfolding due to mistranslation exerts strong evolutionary pressure specifically on the highly 
expressed proteins.” This indicates that the flux of destabilized proteins in a cell bears a significant 
fitness cost and that folding homeostasis is indeed not robust, at least when it comes to chronically 
misfolded proteins. Importantly for this proposition, the toxic interaction between the destabilized 
protein polymorphisms (coding for ts proteins) and the disease-related polyQ or mutSOD1 was 
reversed not only by overexpression of HSF1, but also by the aging regulator DAF-16.*8 

‘The causative connection between proteostasis, aging and cellular dysfunction was further 
illustrated in C. elegans by showing that, unlike in young animals, the ts proteins in older adults 
kept at the permissive conditions begin to gradually misfold and lose function, coincident with a 
reduced ability to activate the heat shock response and the unfolded protein response.’ Increasing 
the activity of either HSF1, or DAF-16, suppressed the misfolding of metastable proteins and 
restored cellular proteostasis. Thus, the dysregulation of protein folding homeostasis may represent 
a set of early molecular events in aging, with an ability to amplify the protein damage cascade in 
age-related conformational diseases, while the complement of mutations and polymorphisms, 
together with the life history ofan organism (environmental stress exposure, metabolic state, etc.), 
set the threshold for the onset of dysfunction and direct specific phenotypes. 

Consistent with the proposal that a disruption in proteostasis is a key element of mechanism 
of toxicity in conformational diseases, genetic screens in invertebrate models described above have 
revealed proteostasis components as modifiers of aggregation/toxicity. 


Modifiers of Conformational Disease 


Genetic Screens for Modifiers of Disease-Related Phenotypes 
The versatility of C. elegans as a model system to study molecular processes involved in human 
disease has been demonstrated via the implementation of genome-wide RNA interference (RNAi) 
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screens to identify genetic modifiers of disease-related phenotypes. Such screens have been facili- 
tated by the availability of RNAi libraries, consisting of E. coli clones containing IPTG-inducible 
double stranded RNAs for the majority of C. elegans genes.“ Feeding of dsRNA-producing 
E. coli to C. elegans has proven to be a highly efficient method for targeted gene silencing, making 
high-throughput RNAi screens relatively straightforward. 

One such study identified modifiers of polyQ protein aggregation in body-wall muscle cells 
in C. elegans. The genome-wide screen took advantage of a polyQ length at the threshold for 
aggregation (Q35), thereby allowing for a sensitized screen aimed at the identification of factors, 
which, when knocked down in the background of polyQ-YEP, led to the accumulation of visible 
protein aggregates. This screen identified 186 proteins that normally suppress age-dependent 
polyQ protein aggregation, including HSF1 and Hsp-1 (Fig. 3C). The authors found that the 
suppressors fall into five distinct biological classes: RNA metabolism, protein synthesis, protein 
folding, protein trafficking and protein degradation. 

The identification of chaperones and factors involved in protein clearance was expected 
and consistent with the results of a screen for genetic modifiers of polyQ protein toxicity in 
Drosophila, that uncovered homologs of Hdj1 and Tpr2, both J-domain-containing cochaper- 
ones.” Additionally, Hsp70 or Hdj1 overexpression significantly ameliorated toxicity of the 
polyglutamine-containing proteins ataxin-1 and ataxin-3 in Drosophila (Fig. 3D).°* "€ Thus, 
chaperones have been found consistently as modifiers of aggregation and toxicity across different 
tissues and aggregation models. The C. elegans screen also uncovered six of the eight subunits of 
cytosolic chaperonin CCT, whose role as a suppressor of polyQ protein aggregation was previ- 
ously unknown. This finding was later validated by using both S. cerevisiae and mammalian tissue 
culture cells expressing aggregation-prone Htt-polyQ proteins,’ supporting the idea that 
common mechanisms underlie polyQ protein aggregation/toxicity. These findings underscore 
the involvement of molecular chaperone activity in modulating the aggregation/toxicity of 
polyglutamine proteins. However, the identification of factors involved in other biosynthetic 
processes led to the conclusion that protein homeostasis is more complex than previously un- 
derstood and likely begins with gene expression, thus explaining the large fraction of modifiers 
involved in RNA and protein biosynthesis.’ 

An independent RNAi screen was also performed in C. elegans for factors that normally 
suppress tau-induced motility defects.°° Wild-type and mutant tau protein become hyper- 
phosphorylated, aggregate and form neurofibrillary tangles that are associated with neuro- 
degeneration in patients suffering from Alzheimer’s disease (AD) and a number of related 
neurodegenerative diseases.!°! Expression of tau in C. elegans neurons caused motility defects 
that were used as the basis to identify factors, via genome-wide RNAi screening, which, when 
absent, enhanced the motility (unc) phenotype.'® This analysis led to the identification of 75 
suppressors of tau toxicity falling into the following functional categories: kinases, chaperones, 
proteases and phosphatases, in addition to a number of genes whose function is unknown.’ 
Interestingly, the only RNAi hits in common between this and the polyQ screen described 
above are the Hsp70 molecular chaperone, /sp-J and the heat shock transcription factor, hsf-1. 
Consistent with the idea that tau and polyQ proteins interact differentially with the cellular 
environment, a complementary study in a Drosophila tau model identified mostly kinases and 
phosphatases.’ Significantly, no HSPs, molecular chaperones, or components of the protein 
clearance machineries were identified."”” 

A recent screen for suppressors of a-synuclein (a-syn) aggregation in body wall muscle cells 
revealed factors involved in vesicle trafficking and lipid metabolism.'”” This screen, however, did 
uncover several regulators of life-span, including /agr-J and sir-2.1, consistent with aging being 
a potent modifier of aggregation/toxicity. Interestingly, knock-down of Hsp70 had no effect on 
o-syn aggregation,'”” suggesting that ot-syn has distinctly different mechanisms of aggregation/ 
toxicity than polyQ or tau proteins. In support of @-syn and polyQ having different mechanisms 
of aggregation, only one modifier was identified in C. elegans that was in common for both pro- 
teins.100112 Alternatively, since this was an aggregation screen that did not directly examine toxicity, 
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it is possible that aggregation and toxicity of oı-syn are uncoupled in the presence of Hsp70 RNAi, 
a finding that would be consistent with one from Drosophila.’ 

The striking lack of overlap between modifiers of aggregation/toxicity for unique 
aggregation-prone proteins could presumably be due to different factors acting on different mis- 
folded species, in addition to different factors acting in different tissue types, for example, body 
wall muscle cells as compared to neurons. Certainly, the identification of kinases and phosphatases 
in the screen for suppressors of tau toxicity provides support for the hypothesis that tau hyper- 
phosphorylation is a prerequisite for disease. Consequently, these data also provide evidence that 
C. elegans and D. melanogaster are valid genetic models for the identification of factors which are 
capable of acting on particular human disease-causing proteins to suppress aggregation/toxicity. 

In contrast to a-syn, a screen for modifiers of SOD 1 aggregation and toxicity in C. elegans 
neurons yielded mostly molecular chaperones and other factors generally involved in protein 
quality control,!!5 more consistent with what was seen previously with respect to modifiers of 
polyQ protein aggregation/toxicity. Furthermore, the hits obtained by an RNAi screen aimed at 
the identification of suppressors of osmotic stress-induced gene expression overlapped to a great 
extent with those identified as suppressors of polyQ protein aggregation.!% In that study, the au- 
thors identified genes, including gpdh-1, that are upregulated in response to osmotic stress, which 
is known to cause generalized, nonspecific protein misfolding. Although gpdh-1 expression does 
not respond to stresses other than osmotic stress, ”” almost 30% of all the genes identified in this 
study overlap with those identified in the screen for suppressors of polyQ protein aggregation. 
Furthermore, 73% of the overlapping genes are predicted to fall into biological classes usually 
associated with the regulation of proteostasis, including RNA processing, protein synthesis, pro- 
tein folding and degradation.'™ Finally, many of the modifiers of ataxin-3 toxicity in Drosophila 
were also able to rescue the toxic phenotypes due to the reduced function of HSP70, which also 
causes generalized protein misfolding.'” Ultimately, these data suggest that a core set of factors 
function generally in response to stress-induced protein damage and others respond specifically 
to a particular stress, for example the stress of a misfolded, disease-causing protein, to tailor the 
response to the situation at hand. 

However, the extent to which the molecular mechanisms of disease are conserved between 
aggregation-prone proteins is unknown. To address this, it will be necessary to express unrelated 
aggregation-prone proteins, such as AB, SOD], tau, Ol-syn anda polyQ-containing proteins, in 
the same cell type in a given model organism, for a direct comparison of modifiers of aggregation/ 
toxicity. The expectation is that common modifiers would be those whose molecular function is 
in the general folding/clearance of misfolded proteins. On the other hand, modifiers that act on 
one or the other aggregation-prone protein would most likely be more closely associated with the 
specific function, or mode of disease progression, of a particular protein. For example, a screen 
performed in yeast expressing mutant Htt or o-synuclein, revealed almost entirely non-overlapping 
sets of genes, many with human homologs, acting as modifiers either of mutant Htt or o--synuclein 
toxicity.’ The authors speculate that their modifiers likely define mechanisms or pathways that 
are specific for particular disease-causing proteins, such as vesicle transport playing a role in 
a-synuclein toxicity.’ 

In addition to RNAi and overexpression screens, forward genetic screens have also been 
performed to identify modulators of polyQ protein aggregation/toxicity in C. elegans. One such 
screen revealed a novel gene, pge-1, which normally functions to suppress the proteotoxicity of an 
Htt exon 1 fragment with an expanded polyQ tract.’** Another forward genetic screen was aimed 
at the identification of genes that normally function to suppress the aggregation of polyQ-YFP 
in body wall muscle cells.!°' This screen uncovered mutations in umc-30, which encodes the 
transcription factor that regulates the synthesis of the neurotransmitter GABA." The findings 
described in "" are of particular interest, because they demonstrate that the ability of an organism 
to manage proteotoxic stress is not a cell autonomous process as previously thought, but may be 
affected by cell-cell communication, for example via neuronal cholinergic signaling. Consistent 
with this, treating Q35-expressing C. elegans with small molecules, acting positively or negatively 
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on neuronal signaling, suppressed or enhanced, respectively, polyQ protein aggregation’™ in 
postsynaptic cells. The identification, via chemical genetic screens, of additional small molecules 
that alleviate disease-causing protein aggregation/toxicity will be an important step in the devel- 
opment of pharmaceuticals. 


Small Molecule Drug Screens 

‘The search for therapeutics to treat neurodegeneration is turning to the identification of small 
molecule proteostasis regulators. Such small molecules could function by enhancing the expression 
or activities of molecular chaperones, thereby effectively increasing the rates of folding of client 
proteins, or, alternatively, they could act by enhancing degradation/clearance!”’ or by modulating 
protein translation rates. 

A number of small molecule regulators of the heat shock response have been identified. These 
compounds include proteasome inhibitors, serine protease inhibitors, Hsp90 inhibitors, non- 
steroidal anti-inflammatory drugs (NSAIDS), triterpenoids such as celastrol and inhibitors of 
HSF1, including triptolide.”'°* Protease inhibitors (DCIC, TPCK and TLCK) and proteasome 
inhibitors (MG132, lactacystin) induce the heat-shock response by elevating the effective concen- 
trations of misfolfed, damaged, or otherwise no longer needed, proteins that are normally targeted 
for degradation.’ In contrast, other inducers of the heat shock response act as inhibitors of 
Hsp90. These include the fungal antibiotic radicicol, the benzoquinone ansamycins geldanamycin 
and 17AAG. They activate HSF1, in part because Hsp90 is a negative regulator of HSF 1.9161! 
NSAIDS, including sodium salicylate, have multiple properties. At higher concentrations they 
partially activate HSF1, while at lower concentrations they synergize with other stress conditions 
to induce the heat-shock response.'® Specifically, exposure of human tissue culture cells to sodium 
salicylate results in activation of HSF1 with respect to in vivo binding to the Hsp70 gene; however, 
transcriptional induction fails to occur. Salicylate-treated cells, however, are sensitized to stress 
and readily activate HS genes upon exposure to other mild stress conditions, often not sufficient 
themselves to activate the heat shock response. In a similar manner, indomethacin induces HSF1 
DNA binding with full Hsp70 transcription upon exposure to a secondary stress.’ Of the inflam- 
matory modulators, arachidonic acid and the cyclopentenone prostaglandins, including PGA1, 
PGA2 and PGJ2, all induce the full complement of HSE1 activities. "5155 The triterpenoid celas- 
trol isolated from the Chinese plant Triptergium wilfordii represents an herbal medicine class of 
bioactive molecules that induces two protective stress responses, the heat shock response and the 
anti-oxidant response.'*”!°* The effects of celastrol are rapid like heat shock; however, unlike the 
heat-shock response that self-attenuates, the celastrol induction of HS genes persists for an extended 
period./”” Consistent with small molecule inducers of HSF1 acting to alleviate the toxic effects of 
misfolded disease-causing proteins, geranylgeranylacetone (GG A)” and celastrol’” treatment of 
polyQ protein-expressing cells inhibited polyQ-associated cell death in tissue culture and mouse 
models of polyQ protein misfolding. 

The modulation of protein translation rates also plays an important role in inducible stress 
responses. A screen for small molecule inhibitors of ER stress-induced apoptosis in PC-12 cells 
yielded salubrinol, a selective inhibitor of e[F2a dephosphorylation.’! elF2o. is a translation 
initiation factor that, when in its phosphorylated state, either under conditions of heat stress or 
salubrinol treatment, is responsible for mediating a general decrease, but a selective increase in 
the translation of chaperones and other stress-associated proteins. Like small molecule inducers 
of HSF1, salubrinol, or other translational regulators, might be expected to modulate the toxic 
effects of misfolded disease-associated proteins. 

Most of the chemical genetic analyses that have yielded the small molecules described 
above have been performed in tissue culture cells. A limited number of studies aimed at the 
identification of small molecules that act in invertebrate models to alleviate the toxicity of 
misfolding-prone disease-associated proteins have been performed. More commonly, small 
molecules that were identified in tissue culture systems as having the properties of inducing 
the HSR have been tested in invertebrates. For example, it was shown that the treatment of 
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Htt-expressing C. elegans with the antioxidant resveratrol reduced Htt toxicity in a manner 
dependent on the sirtuin, sir2.1.!7 

A small-scale chemical genetics analysis was performed in a C. elegans Htt-polyQ model, us- 
ing a screening approach which circumvented the inherent problems associated with screening 
based on motility defects. The authors examined treated worms for lack of neuronal cell death by 
visualizing the loss, or lack thereof, of GFP fluorescence in ASH neurons of a sensitized line that 
rapidly undergoes polyQ-dependent neurodegeneration./” These conditions were used to validate 
candidate compounds identified previously in a large-scale, tissue culture-based, screen'”*'” and 
revealed two compounds, lithium chloride and mithramycin, which suppressed HD neurotoxicity 
in the C. elegans Htt-polyQ model.” The use of this and similar assays, should make it possible 
to rapidly screen large chemical libraries for their effect on toxicity in C. elegans models of neu- 
rodegenerative diseases. 

Because C. elegans isa multicellular organism, we would expect that the successful implementa- 
tion of large-scale chemical genetics screens will be highly effective in identifying novel therapeutic 
compounds, not previously identified in cell culture models, that act either cell autonomously or 
cell non-autonomously. Finally, fluorescent labeling of candidate molecules will be instrumental 
in elucidating the mode of drug action and to determine whether the drug is acting directly or 
indirectly on the disease-causing proteins. This will be relatively straightforward in C. elegans due 
the easy visualization of fluorescent markers. 


Conclusion 

The work discussed here highlights the utility of invertebrate models in the study of neuro- 
degenerative diseases of aging. Recent findings from these model systems have strengthened our 
understanding of protein conformational diseases. Specifically, they have led to the proposal that 
protein folding homeostasis, while sufficiently robust to manage protein damage/misfolding caused 
by acute environmental stress such as heat shock, is apparently ineffective when faced with the 
chronic expression of an aggregation-prone disease-causing protein. This limited capacity of the cell 
to manage chronic misfolding is especially pronounced under conditions of additional stress on the 
proteome caused by the expression of metastable proteins, partially compromised in their folding 
and providing a relatively high demand for folding resources. To combat this inherent limitation 
for the purpose of treating patients, small molecule drugs are being sought that will enhance the 
ability ofa cell, or organism, to deal with the expression of chronically misfolded proteins. 


Acknowledgements 

E.A.K was supported by an individual postdoctoral fellowship from the National Institutes 
of Health (NINDS); research in the laboratory of R.LM. was supported by grants from the 
National Institutes of Health (NIGMS and NIA), the HDSA Coalition for the Cure and the 
ALS Association. 


References 
1. Rutherford SL, Lindquist S. Hsp90 as a capacitor for morphological evolution. Nature 1998; 
396:336-342. 
2. Stevens FJ, Argon Y. Pathogenic light chains and the B-cell repertoire. Immunol Today 1999; 
20:451-457. 


3. Gidalevitz T, Ben-Zvi A, Ho KH et al. Progressive disruption of cellular protein folding in models of 
polyglutamine diseases. Science 2006; 311:1471-1474. 

4. Yeyati PL, Bancewicz RM, Maule J et al. Hsp90 selectively modulates phenotype in vertebrate develop- 
ment. PLoS Genet 2007; 3:e43. 

5. Michels AA, Kanon B, Konings AW et al. Hsp70 and Hsp40 chaperone activities in the cytoplasm and 
the nucleus of mammalian cells. J Biol Chem 1997; 272:33283-33289. 

6. Parsell DA, Lindquist S. The function of heat-shock proteins in stress tolerance: degradation and reac- 
tivation of damaged proteins. Annu Rev Genet 1993; 27:437-496. 

7. Balch WE, Morimoto RI, Dillin A et al. Adapting proteostasis for disease intervention. Science 2008; 
319:916-919. 


154 


Protein Metabolism and Homeostasis in Aging 


15. 


16. 
17. 
18. 


19. 


20. 
21, 
22. 


23. 


24. 


25, 
26. 


27. 


28. 


29. 


30. 


31. 


32. 
33. 
34. 


35. 


. Harman D. Aging: a theory based on free radical and radiation chemistry. J Gerontol 1956; 
11:298-300. 

. Sohal RS, Weindruch R. Oxidative stress, caloric restriction and aging. Science 1996; 273:59-63. 

. Berlett BS, Stadtman ER. Protein oxidation in aging, disease and oxidative stress. J Biol Chem 1997; 
272:20313-20316. 

. Stadtman ER, Oliver CN. Metal-catalyzed oxidation of proteins. Physiological consequences. J Biol 
Chem 1991; 266:2005-2008. 

. Smith CD, Carney JM, Starke-Reed PE et al. Excess brain protein oxidation and enzyme dysfunction 
in normal aging and in Alzheimer disease. Proc Natl Acad Sci USA 1991; 88:10540-10543. 

. Stadtman ER. Protein oxidation and aging. Science 1992; 257:1220-1224. 

. Ahmed N, Dobler D, Dean M et al. Peptide mapping identifies hotspot site of modification in human 

serum albumin by methylglyoxal involved in ligand binding and esterase activity. J Biol Chem 2005; 

280:5724-5732. 

Lo TW, Westwood ME, McLellan AC et al. Binding and modification of proteins by methylglyoxal 

under physiological conditions. A kinetic and mechanistic study with N alpha-acetylarginine, 

N alpha-acetylcysteine and N alpha-acetyllysine and bovine serum albumin. J Biol Chem 1994; 

269:32299-32305. 

Kalapos MP. Methylglyoxal in living organisms: chemistry, biochemistry, toxicology and biological 

implications. Toxicol Lett 1999; 110:145-175. 

Kuhla B, Boeck K, Schmidt A et al. Age- and stage-dependent glyoxalase I expression and its activity 

in normal and Alzheimer’s disease brains. Neurobiol Aging 2007; 28:29-41. 

Hipkiss AR. On the mechanisms of ageing suppression by dietary restriction-is persistent glycolysis the 

problem? Mech Ageing Dev 2006; 127:8-15. 

Gnerer JP, Kreber RA, Ganetzky B. Wasted away, a Drosophila mutation in triosephosphate 

isomerase, causes paralysis, neurodegeneration and early death. Proc Natl Acad Sci USA 2006; 

103:14987-14993. 

Moskovitz J. Roles of methionine suldfoxide reductases in antioxidant defense, protein regulation and 

survival. Curr Pharm Des 2005; 11:1451-1457. 

Friguet B. Oxidized protein degradation and repair in ageing and oxidative stress. FEBS Lett 2006; 

580:2910-2916. 

Stadtman ER. Oxidation of free amino acids and amino acid residues in proteins by radiolysis and by 

metal-catalyzed reactions. Annu Rev Biochem 1993; 62:797-821. 

Hanson SR, Hasan A, Smith DL et al. The major in vivo modifications of the human water-insoluble 

lens crystallins are disulfide bonds, deamidation, methionine oxidation and backbone cleavage. Exp Eye 

Res 2000; 71:195-207. 

Breusing N, Grune T. Regulation of proteasome-mediated protein degradation during oxidative stress 

and aging. Biol Chem 2008; 389:203-209. 

Davies KJ. Degradation of oxidized proteins by the 20S proteasome. Biochimie 2001; 83:301-310. 

Shringarpure R, Grune T, Mehlhase J et al. Ubiquitin conjugation is not required for the degradation 

of oxidized proteins by proteasome. J Biol Chem 2003; 278:311-318. 

Shang F, Nowell TR Jr, Taylor A. Removal of oxidatively damaged proteins from lens cells by the 

ubiquitin-proteasome pathway. Exp Eye Res 2001; 73:229-238. 

Bota DA, Davies KJ. Lon protease preferentially degrades oxidized mitochondrial aconitase by an 

ATP-stimulated mechanism. Nat Cell Biol 2002; 4:674-680. 

Reinheckel T, Grune T, Davies KJ. The measurement of protein degradation in response to oxidative 

stress. Methods Mol Biol 2000; 99:49-60. 

Kiffin R, Christian C, Knecht E et al. Activation of chaperone-mediated autophagy during oxidative 

stress. Mol Biol Cell 2004; 15:4829-4840. 

Schultz SC, Richards JH. Site-saturation studies of beta-lactamase: production and characterization 

of mutant beta-lactamases with all possible amino acid substitutions at residue 71. Proc Natl Acad Sci 

USA 1986; 83:1588-1592. 

Pakula AA, Sauer RT. Genetic analysis of protein stability and function. Annu Rev Genet 1989; 

23:289-310. 

Ng PC, Henikoff S. Predicting the effects of amino acid substitutions on protein function. Annu Rev 

Genomics Hum Genet 2006; 7:61-80. 

DePristo MA, Weinreich DM, Hartl DL. Missense meanderings in sequence space: a biophysical view 

of protein evolution. Nat Rev Genet 2005; 6:678-687. 

Suckow J, Markiewicz P, Kleina LG et al. Genetic studies of the Lac repressor. XV: 4000 single amino 

acid substitutions and analysis of the resulting phenotypes on the basis of the protein structure. J Mol 


Biol 1996; 261:509-523. 


Protein Homeostasis in Models of Aging and Age-Related Conformational Disease 155 


36 


37. 


38. 


39. 


40. 


41 


42. 


43. 
44, 
45. 
46. 
47. 
48. 
49. 
50. 
51. 
52. 
53. 


54. 


55. 
56. 
57. 
58. 


59. 


60. 


61 


62. 


63. 


64. 


. Sachidanandam R, Weissman D, Schmidt SC et al. A map of human genome sequence variation con- 
taining 1.42 million single nucleotide polymorphisms. Nature 2001; 409:928-933. 

Drummond DA, Wilke CO. Mistranslation-induced protein misfolding as a dominant constraint on 
coding-sequence evolution. Cell 2008; 134:341-352. 

Gidalevitz T, Krupinski T, Garcia S et al. Destabilizing protein polymorphisms in the genetic background 
direct phenotypic expression of mutant SOD1 toxicity. PLoS Genet 2009; 5:e1000399. 

Stefani M, Dobson CM. Protein aggregation and aggregate toxicity: new insights into protein folding, 
misfolding diseases and biological evolution. J Mol Med 2003; 81:678-699. 

Kopito RR, Ron D. Conformational disease. Nat Cell Biol 2000; 2:E207-209. 

. Lee JW, Beebe K, Nangle LA et al. Editing-defective tRNA synthetase causes protein misfolding and 
neurodegeneration. Nature 2006; 443:50-55. 

Jordanova A, Irobi J, Thomas FP et al. Disrupted function and axonal distribution of mutant ty- 
rosyl-tRNA synthetase in dominant intermediate Charcot-Marie-Tooth neuropathy. Nat Genet 2006; 
38:197-202. 

Martin I, Grotewiel MS. Oxidative damage and age-related functional declines. Mech Ageing Dev 2006; 
127:411-423. 

Calderwood SK, Murshid A, Prince T. The Shock of Aging: Molecular Chaperones and the Heat Shock 
Response in Longevity and Aging—A Mini-Review. Gerontology 2009. 

Holmberg CI, Staniszewski KE, Mensah KN et al. Inefficient degradation of truncated polyglutamine 
proteins by the proteasome. EMBO J 2004; 23:4307-4318. 

Kim S, Nollen EA, Kitagawa K et al. Polyglutamine protein aggregates are dynamic. Nat Cell Biol 2002; 
4:826-831. 

Suhr ST, Senut MC, Whitelegge JP et al. Identities of sequestered proteins in aggregates from cells with 
induced polyglutamine expression. J Cell Biol 2001; 153:283-294. 

Kryukov GV, Pennacchio LA, Sunyaev SR. Most rare missense alleles are deleterious in humans: implica- 
tions for complex disease and association studies. Am J Hum Genet 2007; 80:727-739. 

Westerheide SD, Morimoto RI. Heat shock response modulators as therapeutic tools for diseases of 
protein conformation. J Biol Chem 2005; 280:33097-33100. 

Ron D, Walter P. Signal integration in the endoplasmic reticulum unfolded protein response. Nat Rev 
Mol Cell Biol 2007; 8:519-529. 

Banerji SS, Theodorakis NG, Morimoto RI. Heat shock-induced translational control of HSP70 and 
globin synthesis in chicken reticulocytes. Mol Cell Biol 1984; 4:2437-2448. 

Xiao X, Zuo X, Davis AA et al. HSF1 is required for extra-embryonic development, postnatal growth 
and protection during inflammatory responses in mice. EMBO J 1999; 18:5943-5952. 

Santos SD, Saraiva MJ. Enlarged ventricles, astrogliosis and neurodegeneration in heat shock factor 1 
null mouse brain. Neuroscience 2004; 126:657-663. 

Zhang P, McGrath B, Li S et al. The PERK eukaryotic initiation factor 2 alpha kinase is required for 
the development of the skeletal system, postnatal growth and the function and viability of the pancreas. 
Mol Cell Biol 2002; 22:3864-3874. 

Reimold AM, Iwakoshi NN, Manis J et al. Plasma cell differentiation requires the transcription factor 
XBP-1. Nature 2001; 412:300-307. 

Zhang K, Wong HN, Song B et al. The unfolded protein response sensor IRE lalpha is required at 2 
distinct steps in B-cell lymphopoiesis. J Clin Invest 2005; 115:268-281. 

Elefant F, Palter KB. Tissue-specific expression of dominant negative mutant Drosophila HSC70 causes 
developmental defects and lethality. Mol Biol Cell 1999; 10:2101-2117. 

Feder JH, Rossi JM, Solomon J et al. The consequences of expressing hsp70 in Drosophila cells at 
normal temperatures. Genes Dev 1992; 6:1402-1413. 

Nylandsted J, Rohde M, Brand K et al. Selective depletion of heat shock protein 70 (Hsp70) activates 
a tumor-specific death program that is independent of caspases and bypasses Bcl-2. Proc Natl Acad Sci 
USA 2000; 97:7871-7876. 

Whitesell L, Mimnaugh EG, De Costa B et al. Inhibition of heat shock protein HSP90-pp60y-sre 
heteroprotein complex formation by benzoquinone ansamycins: essential role for stress proteins in 
oncogenic transformation. Proc Natl Acad Sci USA 1994; 91:8324-8328. 

. Whitesell L, Lindquist SL. HSP90 and the chaperoning of cancer. Nat Rev Cancer 2005; 5:761-772. 

Duyao M, Ambrose C, Myers R et al. Trinucleotide repeat length instability and age of onset in Hun- 
tington’s disease. Nat Genet 1993; 4:387-392. 

Morley JF, Brignull HR, Weyers JJ et al. The threshold for polyglutamine-expansion protein aggregation 
and cellular toxicity is dynamic and influenced by aging in Caenorhabditis elegans. Proc Natl Acad Sci 
USA 2002; 99:10417-10422. 

Morris JZ, Tissenbaum HA, Ruvkun G. A phosphatidylinositol-3-OH kinase family member regulating 
longevity and diapause in Caenorhabditis elegans. Nature 1996; 382:536-539. 


156 


Protein Metabolism and Homeostasis in Aging 


70. 


71. 


72. 


73. 


74. 


75. 


76. 


Ts 


78. 


79. 


80. 


81. 


82. 


83. 


84. 


85. 


86. 


87. 


88. 


89. 


90. 


91, 


92. 


. Lin K, Dorman JB, Rodan A et al. daf-16: An HNF-3/forkhead family member that can function to 
double the life-span of Caenorhabditis elegans. Science 1997; 278:1319-1322. 

. Morley JF, Morimoto RI. Regulation of longevity in Caenorhabditis elegans by heat shock factor and 
molecular chaperones. Mol Biol Cell 2004; 15:657-664. 

. Hsu AL, Murphy CT, Kenyon C. Regulation of aging and age-related disease by DAF-16 and heat-shock 
factor. Science 2003; 300:1142-1145. 

. Cohen E, Bieschke J, Perciavalle RM et al. Opposing activities protect against age-onset proteotoxicity. 
Science 2006; 313:1604-1610. 

. Lithgow GJ, White TM, Meloy S et al. Thermotolerance and extended life-span conferred by single-gene 

mutations and induced by thermal stress. Proc Natl Acad Sci USA 1995; 92:7540-7544. 

Salmon AB, Sadighi Akha AA, Buffenstein R et al. Fibroblasts from naked mole-rats are resistant to 

multiple forms of cell injury, but sensitive to peroxide, ultraviolet light and endoplasmic reticulum stress. 

J Gerontol A Biol Sci Med Sci 2008; 63:232-241. 

Salmon AB, Murakami S, Bartke A et al. Fibroblast cell lines from young adult mice of long-lived mutant 

strains are resistant to multiple forms of stress. Am J Physiol Endocrinol Metab 2005; 289:E23-29. 

Broughton SJ, Piper MD, Ikeya T et al. Longer lifespan, altered metabolism and stress resistance 

in Drosophila from ablation of cells making insulin-like ligands. Proc Natl Acad Sci USA 2005; 
102:3105-3110. 

Tullet JM, Hertweck M, An JH et al. Direct inhibition of the longevity-promoting factor SKN-1 by 

insulin-like signaling in C. elegans. Cell 2008; 132:1025-1038. 

Prahlad V, Cornelius T, Morimoto RI. Regulation of the cellular heat shock response in Caenorhabditis 

elegans by thermosensory neurons. Science 2008; 320:811-814. 

Bienz M. Developmental control of the heat shock response in Xenopus. Proc Natl Acad Sci USA 1984; 
81:3138-3142. 

Sprang GK, Brown IR. Selective induction of a heat shock gene in fibre tracts and cerebellar neurons 

of the rabbit brain detected by in situ hybridization. Brain Res 1987; 427:89-93. 

Shamovsky I, Gershon D. Novel regulatory factors of HSF-1 activation: facts and perspectives regarding 

their involvement in the age-associated attenuation of the heat shock response. Mech Ageing Dev 2004; 
125:767-775. 

Mathur SK, Sistonen L, Brown IR et al. Deficient induction of human hsp70 heat shock gene transcrip- 

tion in Y79 retinoblastoma cells despite activation of heat shock factor 1. Proc Natl Acad Sci USA 
1994; 91:8695-8699. 

Marcuccilli CJ, Mathur SK, Morimoto RI et al. Regulatory differences in the stress response of hip- 

pocampal neurons and glial cells after heat shock. J Neurosci 1996; 16:478-485. 

Batulan Z, Shinder GA, Minotti S et al. High threshold for induction of the stress response in motor 

neurons is associated with failure to activate HSF1. J Neurosci 2003; 23:5789-5798. 

Muchowski PJ, Wacker JL. Modulation of neurodegeneration by molecular chaperones. Nat Rev Neurosci 

2005; 6:11-22. 

Walker GA, Lithgow GJ. Lifespan extension in C. elegans by a molecular chaperone dependent upon 

insulin-like signals. Aging Cell 2003; 2:131-139. 

YYokoyama K, Fukumoto K, Murakami T et al. Extended longevity of Caenorhabditis elegans by 

knocking in extra copies of hsp70F, a homolog of mot-2 (mortalin)/mthsp70/Grp75. FEBS Lett 2002; 
516:53-57. 

Herndon LA, Sehmeissner PJ, Dudaronek JM et al. Stochastic and genetic factors influence tissue-specific 

decline in ageing C. elegans. Nature 2002; 419:808-814. 

Yang J, Tower J. Expression of hsp22 and hsp70 transgenes is partially predictive of drosophila survival 

under normal and stress conditions. J Gerontol A Biol Sci Med Sci 2009; 64:828-838. 

Yun C, Stanhill A, Yang Y et al. Proteasomal adaptation to environmental stress links resistance to pro- 

teotoxicity with longevity in Caenorhabditis elegans. Proc Natl Acad Sci USA 2008; 105:7094-7099. 

Brunet A, Sweeney LB, Sturgill JF et al. Stress-dependent regulation of FOXO transcription factors by 

the SIRT1 deacetylase. Science 2004; 303:2011-2015. 

Westerheide SD, Anckar J, Stevens SM et al. Stress-inducible regulation of heat shock factor 1 by the 

deacetylase SIRT 1. Science 2009; 323:1063-1066. 

Lee SS, Kennedy S, Tolonen AC et al. DAF-16 target genes that control C. elegans life-span and 

metabolism. Science 2003; 300:644-647. 

Kakizuka A. Protein precipitation: a common etiology in neurodegenerative disorders? Trends Genet 
1998; 14:396-402. 

Chiti F, Dobson CM. Protein misfolding, functional amyloid and human disease. Annu Rev Biochem 

2006; 75:333-366. 

Warrick JM, Paulson HL, Gray-Board GL et al. Expanded polyglutamine protein forms nuclear inclu- 

sions and causes neural degeneration in Drosophila. Cell 1998; 93:939-949. 


Protein Homeostasis in Models of Aging and Age-Related Conformational Disease 157 


93. 


94. 
95. 


96. 


97. 


98. 
99. 
100. 
101. 
102. 


103. 


104. 
105. 
106. 
107. 
108. 
109. 


110. 
111. 


112. 
113. 
114. 


115. 


116. 
117. 
118. 
119. 
120. 
121. 


122. 


Faber PW, Alter JR, MacDonald ME et al. Polyglutamine-mediated dysfunction and apoptotic death 
of a Caenorhabditis elegans sensory neuron. Proc Natl Acad Sci USA 1999; 96:179-184. 

Feany MB, Bender WW. A Drosophila model of Parkinson’s disease. Nature 2000; 404:394-398. 
Krobitsch S, Lindquist S. Aggregation of huntingtin in yeast varies with the length of the polyglutamine 
expansion and the expression of chaperone proteins. Proc Natl Acad Sci USA 2000; 97:1589-1594. 
Satyal SH, Schmidt E, Kitagawa K et al. Polyglutamine aggregates alter protein folding homeostasis in 
Caenorhabditis elegans. Proc Natl Acad Sci USA 2000; 97:5750-5755. 

Parker JA, Connolly JB, Wellington C et al. Expanded polyglutamines in Caenorhabditis elegans cause 
axonal abnormalities and severe dysfunction of PLM mechanosensory neurons without cell death. Proc 
Natl Acad Sci USA 2001; 98:13318-13323. 

Warrick JM, Chan HY, Gray-Board GL et al. Suppression of polyglutamine-mediated neurodegeneration 
in Drosophila by the molecular chaperone HSP70. Nat Genet 1999; 23:425-428. 

Kazemi-Esfarjani P, Benzer S. Genetic suppression of polyglutamine toxicity in Drosophila. Science 
2000; 287:1837-1840. 

Nollen EA, Garcia SM, van Haaften G et al. Genome-wide RNA interference screen identifies previously 
undescribed regulators of polyglutamine aggregation. Proc Natl Acad Sci USA 2004; 101:6403-6408. 
Garcia SM, Casanueva MO, Silva MC et al. Neuronal signaling modulates protein homeostasis in 
Caenorhabditis elegans postsynaptic muscle cells. Genes Dev 2007; 21:3006-3016. 

Jackson GR, Salecker I, Dong X et al. Polyglutamine-expanded human huntingtin transgenes induce 
degeneration of Drosophila photoreceptor neurons. Neuron 1998; 21:633-642. 

Brignull HR, Moore FE, Tang SJ et al. Polyglutamine proteins at the pathogenic threshold display 
neuron-specific aggregation in a pan-neuronal Caenorhabditis elegans model. J Neurosci 2006; 
26:7597-7606. 

Marsh JL, Walker H, Theisen H et al. Expanded polyglutamine peptides alone are intrinsically cytotoxic 
and cause neurodegeneration in Drosophila. Hum Mol Genet 2000; 9:13-25. 

Link CD. Expression of human beta-amyloid peptide in transgenic Caenorhabditis elegans. Proc Natl 
Acad Sci USA 1995; 92:9368-9372. 

Finelli A, Kelkar A, Song HJ et al. A model for studying Alzheimer’s Abeta42-induced toxicity in 
Drosophila melanogaster. Mol Cell Neurosci 2004; 26:365-375. 

Wittmann CW, Wszolek MF, Shulman JM et al. Tauopathy in Drosophila: neurodegeneration without 
neurofibrillary tangles. Science 2001; 293:711-714. 

Kraemer BC, Zhang B, Leverenz JB et al. Neurodegeneration and defective neurotransmission in a 
Caenorhabditis elegans model of tauopathy. Proc Natl Acad Sci USA 2003; 100:9980-9985. 
Nussbaum RL, Polymeropoulos MH. Genetics of Parkinson’s disease. Hum Mol Genet 1997; 
6:1687-1691. 

Chase TN. A gene for Parkinson disease. Arch Neurol 1997; 54:1156-1157. 

Lakso M, Vartiainen S, Moilanen AM et al. Dopaminergic neuronal loss and motor deficits in Caenorhab- 
ditis elegans overexpressing human alpha-synuclein. J Neurochem 2003; 86:165-172. 

van Ham TJ, Thijssen KL, Breitling R et al. C. elegans model identifies genetic modifiers of alpha-sy- 
nuclein inclusion formation during aging. PLoS Genet 2008; 4:e1000027. 

Rosen DR. Mutations in Cu/Zn superoxide dismutase gene are associated with familial amyotrophic 
lateral sclerosis. Nature 1993; 364:362. 

Watson MR, Lagow RD, Xu K et al. A drosophila model for amyotrophic lateral sclerosis reveals motor 
neuron damage by human SOD1. J Biol Chem 2008; 283:24972-24981. 

Wang J, Farr GW, Hall DH et al. An ALS-linked mutant SOD1 produces a locomotor defect associated 
with aggregation and synaptic dysfunction when expressed in neurons of Caenorhabditis elegans. PLoS 
Genet 2009; 5:e1000350. 

Ahn SG, Thiele DJ. Redox regulation of mammalian heat shock factor 1 is essential for Hsp gene activa- 
tion and protection from stress. Genes Dev 2003; 17:516-528. 

Hahn JS, Thiele DJ. Activation of the Saccharomyces cerevisiae heat shock transcription factor under 
glucose starvation conditions by Snfl protein kinase. J Biol Chem 2004; 279:5169-5176. 

Thomson S, Hollis A, Hazzalin CA et al. Distinct stimulus-specific histone modifications at hsp70 
chromatin targeted by the transcription factor heat shock factor-1. Mol Cell 2004; 15:585-594. 
Ananthan J, Goldberg AL, Voellmy R. Abnormal proteins serve as eukaryotic stress signals and trigger 
the activation of heat shock genes. Science 1986; 232:522-524. 

Hiromi Y, Okamoto H, Gehring WJ et al. Germline transformation with Drosophila mutant actin genes 
induces constitutive expression of heat shock genes. Cell 1986; 44:293-301. 

Parsell DA, Sauer RT. Induction of a heat shock-like response by unfolded protein in Escherichia coli: 
dependence on protein level not protein degradation. Genes Dev 1989; 3:1226-1232. 

Lindquist S, Craig EA. The heat-shock proteins. Annu Rev Genet 1988; 22:631-677. 


158 


Protein Metabolism and Homeostasis in Aging 


123. 
124. 
125. 
126. 
127. 
128. 
129. 
130. 


131. 


132. 


133. 


134. 


135. 


136. 


137. 
138. 
139. 
140. 
141. 
142. 
143. 
144. 


145. 


146. 
147. 
148. 
149. 
150. 


151. 


Morimoto RI. Regulation of the heat shock transcriptional response: cross talk between a family of heat 
shock factors, molecular chaperones and negative regulators. Genes Dev 1998; 12:3788-3796. 
Morimoto RI, Kline MP, Bimston DN et al. The heat-shock response: regulation and function of 
heat-shock proteins and molecular chaperones. Essays Biochem 1997; 32:17-29. 

Hartl FU. Molecular chaperones in cellular protein folding. Nature 1996; 381:571-579. 

Bukau B, Horwich AL. The Hsp70 and Hsp60 chaperone machines. Cell 1998; 92:351-366. 

Pratt WB, Toft DO. Regulation of signaling protein function and trafficking by the hsp90/hsp70-based 
chaperone machinery. Exp Biol Med (Maywood) 2003; 228:111-133. 

Bukau B, Weissman J, Horwich A. Molecular chaperones and protein quality control. Cell 2006; 
125:443-451. 

Kieran D, Kalmar B, Dick JR et al. Treatment with arimoclomol, a coinducer of heat shock proteins, 
delays disease progression in ALS mice. Nat Med 2004; 10:402-405. 

Katayama T, Imaizumi K, Honda A et al. Disturbed activation of endoplasmic reticulum stress transducers 
by familial Alzheimer’s disease-linked presenilin-1 mutations. J Biol Chem 2001; 276:43446-43454. 
Cowan KJ, Diamond MI, Welch WJ. Polyglutamine protein aggregation and toxicity are linked to the 
cellular stress response. Hum Mol Genet 2003; 12:1377-1391. 

Hay DG, Sathasivam K, Tobaben S et al. Progressive decrease in chaperone protein levels in a mouse 
model of Huntington’s disease and induction of stress proteins as a therapeutic approach. Hum Mol 
Genet 2004; 13:1389-1405. 

Zourlidou A, Gidalevitz T, Kristiansen M et al. Hsp27 overexpression in the R6/2 mouse model of 
Huntington’s disease: chronic neurodegeneration does not induce Hsp27 activation. Hum Mol Genet 
2007; 16:1078-1090. 

Wen FC, Li YH, Tsai HF et al. Down-regulation of heat shock protein 27 in neuronal cells and non- 
neuronal cells expressing mutant ataxin-3. FEBS Lett 2003; 546:307-314. 

Chai Y, Koppenhafer SL, Bonini NM et al. Analysis of the role of heat shock protein (Hsp) molecular 
chaperones in polyglutamine disease. J Neurosci 1999; 19:10338-10347. 

Stenoien DL, Cummings CJ, Adams HP et al. Polyglutamine-expanded androgen receptors form ag- 
gregates that sequester heat shock proteins, proteasome components and SRC-1 and are suppressed by 
the HDJ-2 chaperone. Hum Mol Genet 1999; 8:731-741. 

Bence NF, Sampat RM, Kopito RR. Impairment of the ubiquitin-proteasome system by protein ag- 
gregation. Science 2001; 292:1552-1555. 

Nishitoh H, Matsuzawa A, Tobiume K et al. ASK1 is essential for endoplasmic reticulum stress-induced 
neuronal cell death triggered by expanded polyglutamine repeats. Genes Dev 2002; 16:1345-1355. 
Tatzelt J, Zuo J, Voellmy R et al. Scrapie prions selectively modify the stress response in neuroblastoma 
cells. Proc Natl Acad Sci USA 1995; 92:2944-2948. 

Van Dyk TK, Gatenby AA, LaRossa RA. Demonstration by genetic suppression of interaction of GroE 
products with many proteins. Nature 1989; 342:451-453. 

Brown CR, Hong-Brown LQ, Welch WJ. Correcting temperature-sensitive protein folding defects. J 
Clin Invest 1997; 99:1432-1444. 

Bilen J, Bonini NM. Genome-wide screen for modifiers of ataxin-3 neurodegeneration in Drosophila. 
PLoS Genet 2007; 3:1950-1964. 

Ben-Zvi A, Miller EA, Morimoto RI. Collapse of proteostasis represents an early molecular event in 
Caenorhabditis elegans aging. Proc Natl Acad Sci USA 2009. 

Fraser AG, Kamath RS, Zipperlen P et al. Functional genomic analysis of C. elegans chromosome I by 
systematic RNA interference. Nature 2000; 408:325-330. 

Kamath RS, Martinez-Campos M, Zipperlen P et al. Effectiveness of specific RNA-mediated in- 
terference through ingested double-stranded RNA in Caenorhabditis elegans. Genome Biol 2001; 
2:RESEARCH0002. 

Ghosh S, Feany MB. Comparison of pathvvays controlling toxicity in the eye and brain in Drosophila 
models of human neurodegenerative diseases. Hum Mol Genet 2004; 13:2011-2018. 

Kitamura A, Kubota H, Pack CG et al. Cytosolic chaperonin prevents polyglutamine toxicity with 
altering the aggregation state. Nat Cell Biol 2006; 8:1163-1170. 

Behrends C, Langer CA, Boteva R et al. Chaperonin TRiC promotes the assembly of polyQ expansion 
proteins into nontoxic oligomers. Mol Cell 2006; 23:887-897. 

Tam S, Geller R, Spiess C et al. The chaperonin TRiC controls polyglutamine aggregation and toxicity 
through subunit-specific interactions. Nat Cell Biol 2006; 8:1155-1162. 

Kraemer BC, Burgess JK, Chen JH et al. Molecular pathways that influence human tau-induced pathol- 
ogy in Caenorhabditis elegans. Hum Mol Genet 2006; 15:1483-1496. 

Lee VM, Goedert M, Trojanowski JQ. Neurodegenerative tauopathies. Annu Rev Neurosci 2001; 
24:1121-1159. 


Protein Homeostasis in Models of Aging and Age-Related Conformational Disease 159 


152. 
153. 


154. 
155. 


156. 


157. 
158. 
159. 
160. 
161. 


162. 


Shulman JM, Feany MB. Genetic modifiers of tauopathy in Drosophila. Genetics 2003; 165:1233-1242. 
Auluck PK, Chan HY, Trojanowski JQ et al. Chaperone suppression of alpha-synuclein toxicity in a 
Drosophila model for Parkinson’s disease. Science 2002; 295:865-868. 

Lamitina T, Huang CG, Strange K. Genome-wide RNAi screening identifies protein damage as a regula- 
tor of osmoprotective gene expression. Proc Natl Acad Sci USA 2006; 103:12173-12178. 

Willingham S, Outeiro TF, DeVit MJ et al. Yeast genes that enhance the toxicity of a mutant huntingtin 
fragment or alpha-synuclein. Science 2003; 302:1769-1772. 

Faber PW, Voisine C, King DC et al. Glutamine/proline-rich PQE-1 proteins protect Caenorhab- 
ditis elegans neurons from huntingtin polyglutamine neurotoxicity. Proc Natl Acad Sci USA 2002; 
99:17131-17136. 

Powers ET, Morimoto RI, Dillin A et al. Biological and chemical approaches to diseases of proteostasis 
deficiency. Annu Rev Biochem 2009; 78:959-991. 

Westerheide SD, Kawahara TL, Orton K et al. Triptolide, an inhibitor of the human heat shock response 
that enhances stress-induced cell death. J Biol Chem 2006; 281:9616-9622. 

Mathew A, Mathur SK, Morimoto RI. Heat shock response and protein degradation: regulation of 
HSF2 by the ubiquitin-proteasome pathway. Mol Cell Biol 1998; 18:5091-5098. 

Rossi A, Elia G, Santoro MG. Activation of the heat shock factor 1 by serine protease inhibitors. An 
effect associated with nuclear factor-kappaB inhibition. J Biol Chem 1998; 273:16446-16452. 
Bagatell R, Paine-Murrieta GD, Taylor CW et al. Induction of a heat shock factor 1-dependent stress 
response alters the cytotoxic activity of hsp90-binding agents. Clin Cancer Res 2000; 6:3312-3318. 
Bagatell R, Whitesell L. Altered Hsp90 function in cancer: a unique therapeutic opportunity. Mol 
Cancer Ther 2004; 3:1021-1030. 


163. Jurivich DA, Sistonen L, Kroes RA et al. Effect of sodium salicylate on the human heat shock response. 


164. 


165. 


Science 1992; 255:1243-1245. 

Lee BS, Chen J, Angelidis C et al. Pharmacological modulation of heat shock factor 1 by antiinflamma- 
tory drugs results in protection against stress-induced cellular damage. Proc Natl Acad Sci USA 1995; 
92:7207-7211. 

Amici C, Sistonen L, Santoro MG et al. Antiproliferative prostaglandins activate heat shock transcrip- 
tion factor. Proc Natl Acad Sci USA 1992; 89:6227-6231. 


166. Jurivich DA, Sistonen L, Sarge KD et al. Arachidonate is a potent modulator of human heat shock 


167. 


168. 


169. 
170. 
171. 
172. 
173. 
174. 


175. 


gene transcription. Proc Natl Acad Sci USA 1994; 91:2280-2284. 

Westerheide SD, Bosman JD, Mbadugha BN et al. Celastrols as inducers of the heat shock response 
and cytoprotection. J Biol Chem 2004; 279:56053-56060. 

Trott A, West JD, Klai¢ L et al. Activation of heat shock and antioxidant responses by the natural prod- 
uct celastrol: transcriptional signatures of a thiol-targeted molecule. Mol Biol Cell. 2008;19(3):1104-12. 
Epub 2008 Jan 16. 

Katsuno M, Sang C, Adachi H et al. Pharmacological induction of heat-shock proteins alleviates 
polyglutamine-mediated motor neuron disease. Proc Natl Acad Sci USA 2005; 102:16801-16806. 
Zhang YQ, Sarge KD. Celastrol inhibits polyglutamine aggregation and toxicity though induction of 
the heat shock response. J Mol Med 2007; 85:1421-1428. 

Boyce M, Bryant KF, Jousse C et al. A selective inhibitor of elF2alpha dephosphorylation protects cells 
from ER stress. Science 2005; 307:935-939. 

Parker JA, Arango M, Abderrahmane S et al. Resveratrol rescues mutant polyglutamine cytotoxicity in 
nematode and mammalian neurons. Nat Genet 2005; 37:349-350. 

Voisine C, Varma H, Walker N et al. Identification of potential therapeutic drugs for huntington’s disease 
using Caenorhabditis elegans. PLoS ONE 2007; 2:e504. 

Varma H, Cheng R, Voisine C et al. Inhibitors of metabolism rescue cell death in Huntington’s disease 
models. Proc Natl Acad Sci USA 2007; 104:14525-14530. 

Varma H, Voisine C, DeMarco CT et al. Selective inhibitors of death in mutant huntingtin cells. Nat 
Chem Biol 2007; 3:99-100. 


CHAPTER 12 


Roles for SUMO Modification 


during Senescence 


Artemisia M. Andreou and Nektarios Tavernarakis* 


Abstract 

UM Oylation isa reversible post-translational modification, where a small peptide (SUMO) is 
S covalently attached to a target protein and changes its activity, subcellular localization and/or 

interaction with other macromolecules. SUMOylation substrates are numerous and diverse 
and modification by SUMO is involved in many biological functions, including the response to 
stress. The SUMO pathway has recently been implicated in the process of cellular senescence, the 
irreversible loss of cell replication potential that occurs during aging in vivo and in vitro. SUMO 
peptides, a SUMO E3 ligase and a SUMO-specific peptidase can induce or hinder the onset of 
senescence, thus supporting an association of SUMOYlation with cell growth arrest and organis- 
mal aging. Preliminary results on comparative analysis of proteomics and mRNA levels between 
young and old human and murine tissues show elevated levels of global protein SUMOylation and 
a decrease in components of the SUMOylation process with age. Further connections between 


the SUMO pathway and the aging process remain to be elucidated. 


Introduction to the SUMO Modification System 

The small ubiquitin-related modifier (SUMO) belongs to a large family of proteins related to 
ubiquitin (Ub) and the small ubiquitin-like proteins (Ulp). The overall sequence identity with 
ubiquitin is small (around 18%), but the C-terminus of the protein, which confers most of its 
activity, is almost super-imposable to the equivalent region of ubiquitin."” Although SUMO 
shares similar attachment mechanisms to Ub, its function is completely different and sometimes 
counteractive to the ubiquitin/proteasome pathway. Conjugation of SUMO can block the sites 
of attachment for ubiquitin and can thus protect proteins from degradation. Since its discovery 
just over a decade ago, the list of SUMOylation targets has been growing constantly and is now 
well into the hundreds. Perhaps a reason why this fairly ubiquitous modification has only recently 
been identified and studied lies in the reversibility of the process and the fact that, apart from very 
few exceptions, the amount of any SUMO-modified protein within a cell only makes up a very 
small percentage of its total amount, thus making detection by various molecular and biochemical 
methods more challenging.’ 


SUMO Isoforms 

SUMO is highly conserved in all eukaryotic cells and in higher organisms it is present in all 
tissues and developmental stages. It has been shown to be essential for cell viability both at the or- 
ganism level and in cells in culture. The number of SUMO genes differs between organism families, 
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with one SUMO species present in yeast, nematodes and fruit flies and four in mammals, termed 
SUMO-1, SUMO-2, SUMO-3 and SUMO-4. SUMO-4 is the most recently identified isoform, 
through an 86% similarity to SUMO-2. mRNA transcripts show limited expression compared to the 
other SUMO genes and are present mainly in kidney, lymph system and spleen.* SUMO-1 is 50% 
identical in sequence to SUMO-2 and -3, while SUMO-2/3 share a 95% identity. This observation 
translates to functional activity as well; activity of SUMO2/3 is almost indistinct, while SUMO-1 
has a dissimilar function. Furthermore, SUMO-1 is rarely found unattached within cells, but there 
are pools of free SUMO-2/3 available, which can be promptly conjugated to target proteins under 
specific stress conditions.’ There is a preference between SUMO-1 and SUMO-2/3 in conjugation 
to certain proteins, but others can be modified equally well by both SUMO species. 


Conjugation of SUMO to Target Proteins 

Attachment of SUMO to target proteins occurs via an isopeptide bond between the glycine 
residue at the C-terminal end of SUMO and the s-amino group of an internal lysine residue within 
the substrate. Enzymes analogous to the ubiquitin pathway, but specific for SUMO modification, 
catalyze the formation of this bond in four steps.° The SUMO peptide is initially translated as a 
precursor, ending with a stretch of sequence at its carboxyl end that follows the active -GG part of 
the protein. The length of this sequence varies between SUMO species. Proteolytic cleavage of this 
amino acid sequence converts SUMO to its mature form. SUMO-specific peptidases, for example 
members of the sentrin-specific protease (SENT) family, catalyse this step. SUMO-activating en- 
zymes, also called E1, activate the mature SUMO in an ATP-dependent reaction. Active SUMO is 
then transferred onto the EZ SUMO-conjugating enzyme Ube9 (ubiquitin-like protein SUMO-1 
conjugating enzyme 9). Conjugation of SUMO to target proteins occurs through Ubc9 with the 
aid of an E3 ligase.’ Substrate specificity for SUMO is conferred by both Ubc9 and various E3 
ligases. Ubc9 actually recognizes a consensus motif on the protein substrate and forms the covalent 
attachment of SUMO to its targets* while the SUMO ligases probably interact with other areas 
of the substrate and provide more specificity (Fig. 1).”” 


Figure 1. A brief description of the SUMOylation process. Attachment of SUMO to and 
de-conjugation from target substrate proteins happens in distinct enzymatic steps, similar 
to those of the Ubiquitin pathway. SUMO-specific enzymes convert SUMO to its mature 
form, which is then activated and passed on, through subsequent thioester bonds, from the 
E2-conjugating enzyme Ubc9 to its target protein. SUMO can then be released from the 
complex via the action of a SUMO isopeptidase of the SENP/Ulp family. 
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Protein Recognition Sites 

A general consensus recognition site for SUMO attachment is wKXE,'"! where ap is a large 
hydrophobic amino acid, like leucine, isoleucine or valine; K is the lysine residue at which the at- 
tachment takes place; X is any amino acid and E is a glutamic acid. Although this consensus site is 
conserved, a number of alternatives have been described, where for example a D can be present at the 
position of the E, or the amino acid before the lysine can be a different one from the three consensus 
residues. Other sequences may also be involved, since in some cases, proteins have been shown to 
be SUMOylated that either do not contain the consensus site, use a different motif for SUMO 
attachment” or maintain SUMOYlation after the site has been mutated. More extensive SUMO 
conjugation motifs have also been described; it has been suggested that acidic residues downstream 
of the core SUMOylation motif have a role in enhancing specificity for substrates.’ 


Links with Other Post-Translational Protein Modifications 

Although ubiquitination, acetylation and methylation all take place on lysine residues of their 
target proteins, it was perhaps more expected (at least initially) to study a possible link between 
SUM Oylation and the Ubiquitin pathway, due to the extensive similarity between the peptides 
themselves and the enzymes facilitating the two processes. Indeed, IkBa. and PCNA can be modi- 
fied by either SUMO or ubiquitin on the same lysine in their sequence, with each modification 
resulting in a separate function for the substrate.'*!° 

Besides ubiquitination, other post-translational modifications have been associated with 
the SUMO modification process. SUMOylation of proteins including GATA1 and heat shock 
factors HSF1 and HSF4b has been shown to be dependent on their phosphorylation status. A 
phosphorylation-dependent SUM Oylation motif (PDSM) has been described for such proteins./” 
Phosphorylation of this motif results in increased SUMOylation of HSF1 and MEF2, while 
SUMO attachment to IkBa, p53, c-Fos and c-Jun is negatively regulated by phosphorylation.’”” 
Furthermore, the association of SUMO with histones supports a role in genome organization 
and stability. Histone deacetylases, including HDAC2 and HDAC6, have been shown to pref- 
erentially interact with SUMO-modified substrates.”””! It has been suggested that deacetylation 
of histones by HDAC enzymes may make more lysine (K) residues available for SUMOylation.’ 
A SUMoOylation switch based on acetylation/deacetylation has been described,” and increased 
SUM Oylation of H4 correlates with decreased acetylation of the gene, when Ubc9 is targeted to 


the promoter region.” 


De-Conjugation of SUMO from Substrate 

SUMO attachment is a reversible and highly transient modification. The same enzymes that 
facilitate the initial maturation of SUMO molecules also catalyse the cleavage from their sub- 
strates.° Ulp1 and Ulp2 are SUMO-specific proteases in yeast, “75 while six members of the SENP 
family, SENPs 1-3 and 5-7, have been shown to have this role in human tissues.? In contrast to 
the SUMO-conjugating enzymes, SUMO proteases are not similar to the equivalent enzymes in 
the ubiquitin pathway, but the homology they share appears closely related to viral proteases.”® 
Differences in the sub-cellular localization of the SENP proteins is believed to be dictated by 
nonconserved N-terminal sequences and provides the specificity for the SUMO-substrate com- 
plexes they regulate.””?5 SENP1 is localized mainly in the nucleus with little, albeit persistent, 
cytoplasmic presence.”*° SENP2 is associated with the nuclear pore,*! as is Ulp1,** SENP3 and 
SENT5 are nucleolar,® while contradictory reports place SENP6 in both the nucleoplasm and 
the cytosol. Since the SUMO targets described to date are present throughout the cell, the 
differential localization of the SENT proteins is perhaps expected.**” Specificity towards certain 
conjugates may be achieved through the sub-cellular and sub-nuclear location of each protease. 


Physiological Functions of SUMO Modification 

SUMO attachment has been implicated in a number of cell processes, such as regulation of 
transcription, nuclear transport, DNA repair, protein stability, cell cycle and chromatin structure. 
Although its function is as diverse as its substrates, one generalisation could be that modification 
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of a protein substrate by SUMO alters its interactions with other protein and DNA molecules. 
SUMOpylation can aid or block protein-protein interactions equally well, depending on the 
substrate proteins involved. For example, during DNA replication in yeast, PCNA needs to 
be SUMOylated in order to recruit Srs2 helicase to the site of the replication fork and prevent 
recombination.**” Reversely, interaction of the CtBP corepressor with PDZ domains is hindered 
when the former is SUMOylated.® The most well studied example of SUMO modification 
altering the DNA-binding ability of a protein is that of the DNA repair enzyme thymine DNA 
glycosylase (TDG). After TDG has completed the base excision, it needs SUMO association in 
order to detach itself from the DNA, as SUMO-TDG has much lower affinity for DNA. Once in 
the nucleoplasm, the SUMO protein is removed from the conjugate by a specific peptidase, thus 
allowing TDG to participate in another round of DNA base excision repair! 

Recently, proteins with active roles in the control of cell survival and proliferation have been 
identified as substrates for SUMOylation and enzymes partaking in the SUMO modification 
pathway have been associated with the onset of cellular senescence. It is thus very likely that 
SUMOylation may actively contribute to phenotypes of growth arrest and cellular aging. 


Cellular Senescence 

Derived from the Latin senex, meaning “old man” “old age” or “advanced in age” cellular 
senescence was first described in the early 1960s as the process that limits indefinite growth of 
primary fibroblasts in culture. The term replicative senescence was favoured later to more spe- 
cifically describe the irreversible loss of cell division potential at this final stage in the lifespan of 
somatic cells in culture. 


Senescence as a Model for Aging 

Cellular senescence is considered a major tumor suppressor mechanism, as a process for elimi- 
nating the proliferation of damaged or dysfunctional cells. Besides its importance in tumour 
suppression, replicative senescence can occur independently of cancer and is regarded as a model 
for cellular and organismal aging. This correlation has been supported by various observations 
and experimental data. Senescent cells have been identified in human and other tissues in vivo and 
become more abundantas the organism ages. In cultured cells, the time period before the cells exit 
the proliferating state and become growth-arrested is directly related to the maximum lifespan of 
the species from which they were obtained. In addition, cells derived from patients with premature 
aging syndromes enter senescence more rapidly in culture. A recent study that characterized the 
role of p63 showed that deficiency in this molecule in mice resulted in premature aging and a 
shortened lifespan.” Induction of p63 deficiency in a tissue-specific way lead to extensive cellular 
senescence and accelerated aging phenotypes, thus presenting a causative association between 
senescence and—at least premature—aging. In vivo, the presence of elevated numbers of senes- 
cent cells significantly limits the regeneration potential of animal tissues and changes intra- and 
inter-tissue communication through the cells’ ability to modify their extracellular environment. 
Senescent cells secrete biochemical signals that may target them for destruction by the immune 
system, but these signals can be harmful to their environment, especially as numbers of senescent 
cells start to accumulate. This subsequent alteration in tissue and organ homeostasis may ultimately 
lead to organismal aging.* 


Characteristics of Senescent Cells 

Besides the significant suppression of DNA synthesis and cell proliferation, senescence is char- 
acterized by certain changes in the cell morphology, metabolism and epigenetic state. Cells usually 
appear enlarged, flattened and more granular, they show higher levels of cellular autofluorescence 
and senescence-associated beta-galactosidase activity, while a number of proteins involved in cell 
cycle arrest are up-regulated, as for instance p21 and p16.” These morphological characteristics 
together with SA-f- gal activity (measured at specific pH levels) are used to distinguish senescent 
cells.°° After they have entered senescence, cells in culture can remain alive and metabolically ac- 
tive for long periods of time.” 


164 Protein Metabolism and Homeostasis in Aging 


Replicative and Stress-Induced Senescence 

The cellular mechanism leading to senescence has been mainly associated with the gradual 
shortening of telomeres.””” Due to the semi-conservative nature of DNA replication, where 
the polymerase only adds nucleotides in a 5" to 3" direction and requires binding of an RNA 
primer, the ends of chromosomes become shorter with each round of cell division. Telomerase, 
the enzyme responsible for maintenance of telomeric ends, is normally absent from most human 
somatic cells. Consequently, when telomere ends reach a critical length, signals are initiated as 
the cellular response to DNA damage and activate p53-mediated pathways that lead the cell to 
senescence or apoptosis. This theory is supported by data showing that expression of telomerase 
increases the proliferating time period of cells.* In addition, in mice—which normally possess 
longer telomeres and show more extensive somatic expression of telomerase than humans”— 
absence of telomerase results in a premature aging phenotype and seriously compromises the 
replicative lifespan of stem cells.” 

However, cell proliferation potential can also be hindered in ways that are independent of te- 
lomere shortening. Various types of stress, such as DNA damage, chromatin remodelling, activated 
oncogenes, oxidative stress and chemotherapeutic agents may impede normal cell proliferation and 
result in a prematurely arrested state that greatly resembles cellular senescence.” The time limit 
of the replicative state and entry into senescence can be clearly manipulated in cultured cells by 
optimizing physiological conditions of oxygen levels and the presence of serum, in ways unrelated 
to telomere length.” Stress- induced senescence is acute, rapid and homogeneous, in contrast to 
replicative senescence occurring normally, where the cells may differ in the time they enter senes- 
cence and the rate by which they reach growth arrest. Thus, since the pattern of gene expression 
between the two states is extensively overlapping, induced senescence may be preferably used in 
experiments for practical reasons.“ 


Pathways Mediating Stress Response 

When the stress response pathways are activated within a cell, signalling is usually transduced 
through the p21/p53 and p16/pRB pathways. A number of genes associated with regulation of 
senescence have been shown to be part of either the p53 or pRB pathways.” The proteins involved 
in these signalling cascades, mainly p53 and pRB, will determine how a cell will respond to the 
stress factor(s). This response is most commonly balanced between cells entering senescence or 
undergoing apoptosis, as both mechanisms are used to control unsolicited cell growth. 


SUMO and Senescence 

A good indication that the SUM Oylation pathway may be involved in cellular senescence was 
the identification of a number of senescence-associated proteins as targets for SUMO conjugation. 
Since this post-translational modification has been shown to greatly influence protein activity, 
stability and interaction of substrates with other macromolecules, the active participation of the 
SUMO pathway in the mechanisms of senescence induction and, subsequently, aging was an 
appealing thought. 

SUMOrylation has been associated with responses to various types of cellular stress. Altered 
interactions of a number of proteins with both SUMO-2/3 and/or SUMO-1 upon exposure to 
such stresses support this involvement. For example, the expression of SUMO-1 has been shown 
to increase during hypoxia.® On the other hand, oxidative stress, induced by treatment of cells 
with hydrogen peroxide, results in increased levels of SUMO-2/3- modified p53, while levels of 
p53/SUMO-1 conjugates appear unaffected.” Because of the close and often causative, associa- 
tion between environmental and cellular stress and the onset of senescence, involvement of the 
SUMO pathway in stress response provides an important, though indirect, link between SUMO, 
senescence and, very likely, the aging process. 

Recently, SUMO species themselves as well as a number of enzymes that participate in SUMO 
attachment and de-conjugation processes have been associated with senescence. SUMO proteins, 


a SUMO ligase and a SUMO isopeptidase have been shown to either induce or repress the 
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Figure 2. Model of SUMO modification proteins in pathways leading to cellular senescence 
and aging. The SUMOylation cycle of p53 affects downstream cascades leading the cell to 
senescence/aging and disturbances at both the SUMO conjugation and de-conjugation steps 
can inhibit the onset of senescence. SUMOylation of pRB can influence the cell’s decision to 
undergo senescence or apoptosis. The SUMO E3 ligase PIASy and SUMO proteases of the 
SENP family also appear to have important roles in these pathways. 


onset of cellular senescence. Figure 2 presents a model of how these molecules may be involved 
in senescence-inducing pathways and more details on each of them are described in the text 
below. In addition, elevated numbers of SUMOylated proteins have been shown to accumulate 
in senescent cells compared to normal replicating cells, while levels of SUMO isoforms and 
associated enzymes appear to decrease with age, in a different tissue type.” 


SUMO Molecules in Senescence 

SUMO-1 and SUMO-2/3 species can have different preferences for substrates and thus be 
involved in different cascades within the cell, even when these belong to the same greater pathway. 
Recent experiments have shown that over-expression of SUMO-2/3 in cultured cells results in 
a premature senescence morphology, supported by slow cell growth and early growth arrest, as 
shown by reporter assays.‘ In contrast, over-expression of SUMO-1 appears not to directly affect 
the process of cellular senescence.” This is perhaps not surprising, considering that SUMO-2/3 
is thought to be the isoform(s) mainly and most frequently associated with the response to stress. 
However, it is interesting that under normal conditions SUMO-1 appears mainly conjugated to 
target proteins within the cells, while unconjugated pools of SUMO-2/3 species are abundant 
and available to be used as required. 

The major players of the pathways that lead to senescence, p53 and pRB, actively inhibit 
unsolicited cell growth and this function is regulated by post-translational modifications, includ- 
ing phorpshorylation, acetylation and ubiquitination.”””"”? The SUMO modification pathway 
has also been shown to modulate activity of these proteins, as they are subject to SUMOylation 
by both SUMO-1 and SUMO-2/3. The transcriptional activity of p53 is positively regulated 
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by SUMO-1 attachment, as shown by up-regulation of p2/ expression, a p53 target gene.” In 
addition, the repressor activity of pRB on E2F-regulated target genes is controlled by compo- 
nents of the SUMO pathway.” Under normal cell conditions, pRB is de-SUMOylated by E1A, 
a viral oncoprotein; ” it has been suggested that this may be a strategy used by viruses to sup- 
press cell senescence. Over-expression of SUMO-2/3 surpasses this de-SUM Oylation, leaving 
pRB-SUMO-2/3 conjugates free to stimulate senescence.” 

Down-regulation of p53 and pRB by RNA interference appears to counteract the senescence 
phenotype seen in SUMO-2/3 over-expressing cells, suggesting that the effect of SUMO-2/3 modi- 
fication on senescence occurs via p53- and pRB-mediated pathways.” p53-induced up-regulation 
of p21 is a known pathway for activation of senescence.” During SUMO-2/3 over-expression, 
the transcriptional activity of p53 is significantly enhanced. Levels of p53 protein seem to remain 
unchanged, while the senescence-associated protein p21 is clearly up-regulated. Since p21 is under 
the transcriptional control of p53, this increase in p21 protein levels may be due to the altered 
SUMOylation state of p53, modified by SUMO-2/3.”7 


SUMO-Specific E3 Ligase PLASY and Senescence 

Protein inhibitors of activated STAT (PIAS) have been shown to function as E3 SUMO 
ligases and data from various SUMO conjugates make them one of the largest families of 
SUMO-specific ligases.”” During replicative senescence the levels of endogenous PIASy, a 
member of this protein family, are significantly increased compared to presenescent cells, as do 
levels of hyper-sumoylated proteins.” 

This effect is considered specific to PIASy, as no other member of the PIAS protein family ap- 
pears to have similar activity. In addition, over-expression of PIASy can induce cellular senescence 
or apoptosis.” The entry into either process occurs through the p53 and pRB tumour-suppressor 
pathways and depends on their state within the cell. Induction of senescence is conferred by the 
E3 ligase activity of PIASy, which facilitates the SUMOylation of p53 and subsequent activation 
of p53 target promoter regions, as shown by the increase activation of the p2/ promoter upon 
PIASy overexpression. Mutation of the PIASy E3 ligase active site abolishes the effect. The onset 
of senescence through PIASy is counteracted by the E6 oncoprotein, through inhibition of the 
SUMO ligase activity of PIASy.” Interestingly, an extended lifespan is observed in cells that 
over-express mutant forms of PIASy with an inactive E3 ligase site. 

In further support of this process, deletion of PIASy in mouse embryo fibroblasts results in 
a significant delay of the onset of senescence after appropriate signalling. Even after induction 
of p53 expression by a pro-senescence signal, for example through oncogenic RAS, p53 target 
genes p21 and MDM2 are not up-regulated in the absence of PIASy. In parallel, PIASy can 
induce p53-dependent apoptosis during pRB deficiency; interestingly inactivation of pRB by 
hyper-phosphorylation is not enough to give similar results and the effect of PIASy is not there 
when pRB is present, even in an (as far as we know) inactive state.”4 

All available data to date support an active contribution of PIASy to the senescence process 
and perhaps also to aging. The difference in the cellular response to PIASy, depending on the 
pRB status, suggests a possible role for PIA Sy as one of the factors influencing the cell’s decision 
to undergo senescence or apoptosis. This may occur through an altered binding affinity between 
pRB and its cofactors, in a SUMOylation-mediated manner. More specifically, it has been sug- 
gested that hypophosphorylated pRB enlists its corepressors together with components of the 
SUMO pathway to the site of genes promoting proliferation. A number of these cofactors could 
be themselves targets of SUMOylation and these interactions could stabilize the pRB repressor 
complex. Also, as it has been shown that SUMO attachment increases affinity between protein 
partners,” the presence of SUMO-modified pRB repressor group on DNA could provide a high 
affinity site for the recruitment of proteins involved in chromatin remodelling and reorganiza- 
tion.® This process could ultimately lead to the silencing of genes involved, also facilitated by the 
activity of histones, which are substrates for SUM Oylation and have major roles in transcriptional 
repression in their modified state.?378 
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SUMO Proteases (SENP Family) and Senescence 

Senescence may be induced either by increased SUMOylation of common target conjugates 
of the SUMO proteases or by an increase in total levels of SUMOylated proteins.” Repression of 
a number of SUMO proteases, of the SENT family, has been shown to result in a senescence-like 
phenotype. SUMO proteases may thus be required for the proliferation of normal human cells 
and have important roles in age-related phenotypes. 

Cells that undergo the induced senescence caused by Senp protein repression display all key 
morphological characteristics and activity (as measured by SA-f-gal activity) associated with a 
senescent state. In human firbroblasts, SUMO-containing PML bodies that accumulate in the 
nucleus after many cell passages and during normal replicative senescence are also seen to increase 
in number upon repression of SUMO proteases Senp1, Senp2 and Senp7. Repression ofSenpl in 
particular and Senp7 perhaps to a lesser extend, provokes premature senescence through the p53 
signalling pathway.” Inactivation of the p53 pathway limits the induction of senescence caused 
by Senpl1 repression. This data points to a role of Senp1 in maintaining a balance in the cell after 
exposure to stress and perhaps preventing premature senescence. 


SUMO and Maintenance of Telomere Length 

Functional telomeres are required for cells to maintain their replication potential. In addition 
to the gradual shortening of telomeres after certain numbers of cell division, mutated or depleted 
proteins that protect telomere ends may also result in telomere dysfunction.***! 

In yeast, deficiencies in homologues of SUMO and E3 ligases of the PIAS family have been 
shown to provoke a significant increase in telomere length.***’ These results advocate a role for 
SUMO in maintaining telomere length and suggest that the SUMO pathway may be a negative 
modulator of this process. SUMO modification of factors associated with telomeres through DNA 
damage response pathways further supports an important role for SUMO in telomere maintenance 
and consequently tumour suppression, cellular senescence and normal aging. 


Changes in Global Protein SUMOylation during Aging 

Recent experiments have shown that the amount of SUM Oylated proteins in rodent spleen 
tissue increases with age and this increase is not subject to limitation by dietary restriction, as is the 
case for global protein ubiquitination.™ Furthermore, mRNA levels of components of the SUMO 
pathway sumo-1, ubc-9 and senp1 show significant decrease in aged murine brain tissues, as com- 
pared to young ones and the effect is mimicked upon inflammation stimuli in astrocytes. These 
results suggest a role for protein SUMOylation in aging tissues that is most likely tissue-specific 
at least in mammals and perhaps leads to altered protein function that is clearly distinct from that 
of ubiquitin. It would be very interesting to include further tissue and cell types in similar studies, 
in order to confirm a more general effect of aging on protein SUMOylation. 


Conclusion 

Damaged, oxidised or mislocalized proteins that would be properly dealt with in healthy pro- 
liferating cells, may accumulate in aging cells due to changes in the activities of the SUMOylation 
and ubiquitination pathways and this may have an important role in the onset of senescence and 
age-related disease.” In regard to the SUMO modification pathway, elevated SUMOylation of 
certain target proteins can cause premature cellular senescence,’ the E3 SUMO ligase PLASy 
has recently been associated with the induction of senescence,” while the SUMO isopeptidase 
Senp1 appears to obstruct it.” 

‘Targets for SUMOylation have been identified in almost every cell and part of the cell and the 
SUMO pathway is constantly being linked to more cellular processes. The physiological function 
of protein modification by SUMO ranges greatly and includes pathways from DNA repair and 
transcription to protein-protein interactions and subcellular localization. Besides the activity of 
SUMO substrates, integrity of these molecules has been shown to be controlled by SUMOylation 
in a number of occasions. For instance, stability and DNA binding of the stem cell transcription 


factor Oct4 increases upon SUM Oylation,® as does stability of Pax8,*° Ku70* and Apa-1, the 
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latter being associated with senescence of human fibroblasts.** Moreover, HIF 1a steady state is 
regulated by Senp1, in an example of SUMOylation acting synergistically with the Ubiquitin 
pathway to promote protein degradation. Similarly, the process of Specificity Protein 1 (Sp1) 
turnover is dependent on its SUM Oylation, which increases interaction with proteasome subunits 
and targets Sp1 for proteolysis.” 

So, the SUMO pathway affects the levels, stability and half-life of proteins by protecting 
them from Ubiquitin through occupation of lysine residues in their sequence, or by leading them 
to proteasome-mediated degradation. Although in the area of cell senescence and tissue aging 
SUMO has been predominantly associated with the DNA damage response and maintenance 
of telomere integrity, it is not absurd to imagine, or even expect, that SUMOylation, either as a 
whole or through its individual components (or both), may also have an active role in regulating 
protein synthesis and degradation during these processes. Proteins that are important in pathways 
leading to cellular senescence and organismal aging have already been linked to SUM Oylation, as 
have enzymes facilitating the modification process, but a direct link between SUMO and protein 
turnover during aging needs to be elucidated. Results from ongoing and future experiments in 
this area remain to be seen, but since the rates and balance of protein synthesis and degradation 
are crucial during aging, it seems likely that SUMO will be shown to have an important role in 
these processes. 
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Post-Translational Modification 
of Cellular Proteins by Ubiquitin 
and Ubiquitin-Like Molecules: 


Role in Cellular Senescence and Aging 
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Abstract 
biquitination of endogenous proteins is one of the key regulatory steps that guides protein 
| degradation through regulation of proteasome activity. During the last years evidence 
has accumulated that proteasome activity is decreased during the aging process in vari- 
ous model systems and that these changes might be causally related to aging and age-associated 
diseases. Since in most instances ubiquitination is the primary event in target selection, the system 
of ubiquitination and deubiquitination might be of similar importance. Furthermore, ubiquitina- 
tion and proteasomal degradation are not completely congruent, since ubiquitination confers also 
functions different from targeting proteins for degradation. 

Depending on mono- and polyubiquitination and on how ubiquitin chains are linked to- 
gether, post-translational modifications of cellular proteins by covalent attachment of ubiquitin 
and ubiquitin-like proteins are involved in transcriptional regulation, receptor internalization, 
DNA repair, stabilization of protein complexes and autophagy. Here, we summarize the current 
knowledge regarding the ubiquitinome and the underlying ubiquitin ligases and deubiquitinating 
enzymes in replicative senescence, tissue aging as well as in segmental progeroid syndromes and 
discuss potential causes and consequences for aging. 


Introduction 

Post-translational modifications of cellular proteins by ubiquitin and ubiquitin-like proteins 
are important regulatory events involved in several aspects of cellular physiology that have come 
into focus of aging research recently. One of the most important machineries for degradation of 
endogenous proteins is the proteasome, whose activity decreases during the aging process. Since 
several major age-related diseases have been characterized as protein degradation failures, most 
studies have aimed at elucidating the function of the proteasome and its activity in the course of 
cell, tissue and organism aging and several excellent reviews are available in this regard’ as well 
as on age-associated neurodegenerative pathologies.*® 

However, little has been reported on age-associated modulation of the primary event, the 
selection of proteasome targets through polyubiquitination, a major regulatory step in this 
system resulting from the opposing activities of ubiquitin ligases and deubiquitinylases (DUB). 
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In addition, during the last years it became quite clear that degradation is not the only possible 
consequence for proteins after modification by ubiquitin and ubiquitin-like proteins. Depending 
on the type of ubiquitination, it has been found as to have “noncanonical” functions like regula- 
tion of DNA repair (reviewed in ref. 7), transcriptional regulation,* membrane trafficking,’ cell 
signalling'® and autophagy.” 

In this chapter we provide some examples of the current research regarding activity and 
functions of the ubiquitin system with focus on ubiquitination during cellular aging and aging 
of tissues. Since, as stated above, many excellent reviews on changes of the proteasome during 
aging exist, we refer the reader to those for detailed information. A contemporary review of this 
topic is also found in the chapter by Gonos et al in this book. Similarly, the recent tight links 
that have been found between aging and autophagy have been reviewed in detail and here in 
the chapter by G. Marifio et al. Changes in this major cellular pathway are of high interest since 
they will affect cellular behaviour within tissues and organisms and thus might influence the 
aging process and might also be causally related to the aging process or pathogenesis of aging 
related diseases. 


Ubiquitin Is Activated and Transferred by a Cascade of El, 
E2 and E3 Enzymes 


A sequence of reactions guarantees the correct selection of target proteins for ubiquitination. 
Most targets are ubiquitinated at internal lysine residues, but in some lysine-less proteins also 
N-terminal ubiquitination has been observed.” The first enzyme in this cascade is E1 that activates 
ubiquitin under consumption of ATP by forming a thiol ester with the C-terminal glycine of 
ubiquitin. Then the ubiquitin moiety is transferred to an E2 enzyme by transesterification. The E2 
enzyme in turn either transfers the ubiquitin to an E3 enzyme that is responsible for the transfer 
to a specific final target, or it ubiquitinates the target by direct interaction with an E3 enzyme 
(reviewed in refs. 13-15). In some cases, a novel class of E4 enzymes exists that is responsible for 
polyubiquitylation, as reviewed by ref. 16. 

Specificity of target recognition is guaranteed in a sophisticated and economic way by up to 
ten E1 enzymes, up to 100 E2 enzymes and an estimated number of over 1000 E3 enzymes in hu- 
man cells.” Current estimations suggest that there are as many E3 enzymes encoded in the human 
genome as kinases, underlining the universal importance of the ubiquitin proteasome pathway. 
Therefore we also propose to use the term “ubiquitinome” to refer to the total of ubiquitinated 
proteins in analogy to the “phosphoproteome” and other well known-omes. 


Alternative Linking of Polyubiquitin Chains Decides 


the Fate of the Target Protein 

The “classical” signal for protein degradation is conferred by K48 linkage of several ubiquitin 
moieties to the target protein. At least 4 ubiquitins are necessary for efficient binding to the pro- 
teasome and for degradation./” Including the regular K48, there are a total of 7 lysine residues in 
ubiquitin which can be used for linking poly-ubiquitin chains together. A recent report shows 
different reactivity of these individual residues: K48, K63 and Kó are approximately equally reac- 
tive followed by K33 and K11. The least reactive sites are K27 and K29.” 

K63 linkage is involved in a variety of different cellular pathways like endocytosis of cell 
surface receptors,” cell signalling,'° mitochondrial inheritance and morphogenesis,” ribosomal 
function,” DNA repair’ and activation of the NF«B signalling complex,” whose inactivation 
is in turn guaranteed by deubiquitination;” see also below). 

Little is known about the function of K29 ubiquitin chains yet, but it seems to allow proteasomal 
degradation similar to K48.2° E2 and E3 enzymes that act together for this type of polyubiquitina- 
tion have been identified as UbeH5A, a 120-kDa E2,” as well as the HECT domain E3 KIAA10.”8 
Both proteins can also promote K48 chain assembly and at least for KIAA10 it has been shown 
that site selection is dependent on the ubiquitin.” 
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One of the few currently known E3 ligases that synthesize K11 linked polyubiquitin is CHIP, a 
“Really Interesting New Gene” (RING)-domain E3 ligase. Upon formation of a trimer consisting 
of HSc70, the cochaperone BAG-1 and CHIP, BAG-1 is strongly polyubiquitinated by a K11 
ubiquitin chain. This leads to a degradation-independent association of the cochaperone with the 
proteasome, suggesting that ubiquitination of delivery factors might represent a novel mechanism 
to regulate protein sorting to the proteasome.” Furthermore, CHIP seems by ubiquitination of 
tau to attenuate the formation of neurofibrillary tangles, which are a major diagnostic marker of 
Alzheimer’s disease.*! K6 linkage has been observed to counteract proteasomal degradation as 
competitor.” The last noncanonical form of ubiquitin attachment is monoubiquitination that is 
involved in DNA repair,’ receptor endoeytosis” and signalling.® 


Ubiquitin Is Expressed as Fusion Protein and Is Recycled by Ubiquitin 
Specific Hydrolases 


Ubiquitin is not expressed from a single gene locus but either from multi-copy loci or as linear 
fusion to ribosomal subunits. Because of the latter, translation and maturation of the ribosome that 
synthesizes proteins simultaneously provides the signal to destroy them. Furthermore, steady state 
levels of free ubiquitin are also regulated by the recycling rate from ubiquitinated proteins that are 
degraded by the proteasome (reviewed by ref. 14). The proteins involved in providing free ubiq- 
uitin are categorized as deubiquitinating enzymes (DUBs). All of them are cysteine proteases that 
hydrolyze the amide bond immediately after the COOH-terminal Gly76. Two different classes of 
enzymes are discriminated: ubiquitin COOH-terminal hydrolyses (UCHs) and ubiquitin-specific 
proteases (UBPs). The discrimination is based on molecular weight and sequence similarity. While 
the smaller UCHs cut peptides and flexible small proteins, the larger UBPs are processing ubiq- 
uitinated proteins. Genome sequencing projects have identified many candidate deubiquitinating 
enzymes, making them the largest family of enzymes in the ubiquitin system.*4 


Ubiquitin-Like Proteins 

In addition to ubiquitin, several ubiquitin-like molecules have been described in the past of 
which SUMO is the molecule that is most studied. Although SUM Oylation affects a similar large 
number of substrates than ubiquitination, the pathway is much simpler and involves one El ligase, 
a single E2-ligase (UBC9) and only a few E3 ligases. UBC9 usually binds the substrates directly, 
but the E3 ligases specific for SUMOylation also seem to contribute to substrate specificity. 
SUMOpylation often targets a lysine residue within a consensus sequence, but other lysine residues 
can be modified as well. In contrast to yeast, the vertebrate genomes encode four SUMO variants, 
referred to as SUMO- 1, -2 ,-3 and -4. Both ubiquitin and SUMO can form polymodifier chains 
and then can be conjugated to lysine residues of an already substrate-conjugated molecule. In 
contrast to polyubiquitin chains, little is known about the general function of polySUMO chains. 
‘The situation is even more complex, since recently it was discovered that branched polyubiquitin 
modifications occur in vivo and that SUMO itself may be modified by ubiquitin, resulting in 
mixed ubiquitin/SUMO chains, although the relevance of these modifications still have to be 
demonstrated. Importantly, both ubiquitination and SUMOylation are reversible by specific 
hydrolases, which can remove the modifications (for review, see ref. 35). 

Further ubiquitin-like modifiers the enzymology of which is highly similar to that of ubiqutin 
transfer are atg8 and atg12, necessary for autophagy (reviewed in ref. 36), Nedd8* and Isg15 


(interferon stimulated gene 15), involved in anti-viral responses.** 


Role of Ubiquitination, SUMOylation and ISG15 


in Cellular Senescence 

In 1961, Hayflick and Moorhead described that normal human cells, after a defined number 
of cell divisions, enter a phase of irreversible growth arrest termed replicative senescence.” Since 
then replicative senescence has been widely studied and discussed for its value as model system for 
aging research. Recently replicative senescence has been associated with cellular aging and tumor 
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suppression,” since cellular senescence was shown to inhibit unwanted cell proliferation; moreover 
senescent cells in vivo might provide a microenvironment in tissues that favours proliferation of 
tumor cells.*’ In addition, replicative senescent cells were observed in a large variety of tissues of 
aged mice and different human tissues such as skin,**“ liver,” kidney**”’ and vasculature and 
preliminary evidence suggests that they are implicated in aging and aging associated disease. 

Several lines of evidence indicate that a prominent stimulus for entering the phase of replicative 
senescence is progressive telomere erosion due to the “end-replication problem”? Critically short 
telomeres induce DNA damage response pathways and subsequent the induction of a permanent 
cell cycle arrest,”' which is executed by the p53/p21 or the p16** pathway in a cell type specific 
manner (reviewed by refs. 52, 53). The hypothesis of telomere dependent induction of senescence 
is supported by the fact that overexpression of the catalytic subunit of human telomerase (hTERT) 
and subsequent telomere stabilization immortalizes a large variety of normal human cells. 

In addition to telomere erosion, other stimuli can induce (premature) cellular senescence, 
which in most cases is not linked to telomere shortening. Other events that lead to senescent-like 
phenotypes are oxidative stress,” DNA damage” and aberrant signalling (e.g., ras).** 

A direct link of ubiquitination/SUM Oylation and cellular senescence has been established 
by experiments regarding phenotypic consequences of the depletion of proteins involved in 
post-translational modification by ubiquitin and/or SUMO. 

Furthermore, this link seems to be conserved during evolution, since direct interaction between 
replicative and chronological aging with the ubiquitin-dependent proteasome system have been 
identified by a systems biology approach.” 

In human cells, it was shown that knockdown of ROC], a key component of the SCF E3 
ubiquitin ligases, inhibited the growth of multiple human cell lines by the induction of senes- 
cence and/or apoptosis. Similarly, inactivation of the VHL tumor suppressor gene, coding for a 
subunit of E3 ubiquitin ligase, induces a senescent-like phenotype in human cancer cell lines. This 
phenotype is independent of p53 and HIF-1, but dependent on the retinoblastoma protein.” In 
mice, knock-out of Cdh1, an adaptor protein of the anaphase promoting complex (APC), which 
is an E3 ligase, induces premature replicative senescence in MEFs.” 

Furthermore, upregulation of the ubiquitin ligase SMURF2 induced senescence in a variety 
of human cell types.’ However, the ability of SMURE2 to induce senescence did not require its 
ubiquitin ligase activity.“ With respect to SUMOylation, it was shown that overexpression of 
the E3 SUMO ligase PIASy in normal human fibroblasts recruits the p53 and Rb tumor suppres- 
sor pathways to provoke a senescence arrest. By contrast, in Rb-deficient fibroblasts, expression 
of PIASy leads to p53-dependent apoptosis and PIASy was shown to stimulate SUMOylation 
and transcriptional activity of p53.” Interestingly PIASy has been shown to interact with pyru- 
vate kinase M2 (M2-PK), a key regulatory enzyme controlling proliferation and tumorigenesis 
by a modulation of cellular metabolism. Previous evidence implicated M2PK as a regulator of 
senescence-associated growth arrest and senescent cells have been shown to accumulate preferen- 
tially the active tetrameric form of the enzyme. 

In addition, stable cell lines overexpressing processed forms of SUMO-2/3 (SUMO-2/3GG) 
showed a premature senescence phenotype. Both p53 and pRB were found to be modified by 
SUMO-2/3, suggesting that such modification of p53 and pRB may play roles in premature 
senescence and stress response,” reviewed by ref. 68. 

Other experiments have revealed an important role for the SUMO specific proteases SENP1, 
SENP2 and SENP7 in cellular senescence. Knockdown of these genes in human fibroblasts in- 
duced senescence and a global increase in SUMOylated proteins. The data suggest that SENP1 
repression induces p53 mediated premature senescence and that SUMO proteases are required 
for the proliferation of normal human cells.” 

How could ubiquitination or SUMOylation be involved in onset or bypass of senescence? 
‘The first approach to answer this question was to study global changes in the ubiquitinome dur- 
ing cellular aging and was published by Pan and coworkers in 1993, reporting a decrease of free 
ubiquitin, while the pool of ubiquitinated proteins was increased in senescent fibroblasts. The most 
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Figure 1. Implications of the ubiquitin system on pathways that are involved in induction of 
replicative senescence. See text for description. Reproduced with permission from Grillari J 
et al. Exp Gerontol 2006; 41(11):1067-79. 


prominent ubiquitin conjugate was a discrete band of 55 kD, most probably the E2-55 ligase.” The 
ubiquitin-proteasome system also seems to play a role in vascular senescence and atherosclerotic 
progression of elderly patients. Thus, atherosclerotic plaques from elderly patients had increased 
ubiquitin levels and reduced proteasome activity compared to controls, suggesting that reduction 
in the activity of the ubiquitin-proteasome system promotes vascular cell senescence, thereby 
contributing to the pathogenesis of human atherosclerosis.”' Experiments summarized below have 
identified several individual proteins, that might link the SUMO/ubiquitin system to cellular ag- 
ing (Fig. 1). Specifically it was shown, that key processes regulated by ubiquitination are telomere 
maintenance, DNA repair and cell cycle control, as is detailed in the following sections. 


Ubiquitin, Telomeres and Telomerase 

Telomerase activity itself is regulated by ubiquitination. The catalyitic subunit hTERT directly 
interacts with the chaperone Hsp90.” If this interaction is disrupted, e.g., by geldamycin, hTERT 
is targeted to ubiquitylation and subsequent degradation by the RING finger E3 ligase MKRN1. 
This leads to telomere shortening in cells with active telomerase. This finding was confirmed 
by overexpression of MKRN1 which as well results in shortened telomeres.”? Furthermore, the 
telomeric repeat binding factor 1 (TRF1), a negative regulator of telomere length,” is targeted 
to ubiquitin dependent degradation. The responsible protein is Fbx4, an adaptor to Cull type 
E3 ligases, that upon overexpression is sufficient to stabilize telomeres, while its knock-down 
by siRNA leads to increased telomere shortening and to accelerated entry into senescence-like 
growth arrest.” It was shown that RLIM, a Ring H2 zinc finger protein with intrinsic ubiquitin 
ligase activity interacts with TRF 1 and increases its turnover by targeting it for degradation by the 
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proteasome. Interestingly, this activity is independent of FBX4. Depletion of endogenous RLIM 
by shRNA mediated knockdown increased the level of TRF 1 and led to telomere shortening and 
growth arrest.”” In fission yeast, PLI1B has been described as a SUMO E3 ligase, which upon 
mutation leads to deregulated homologous recombination and marked defects in chromosome 
segregation and centromere silencing grown, with a consistent increase in telomere length. It was 
shown that telomere lengthening induced by lack of SUMOylation was not due to unscheduled 
telomere recombination, instead SUM Oylation was shown to increase telomerase activity.” A role 
for SUMOylation of telomere binding proteins in alternative lengthening of telomeres (ALT) has 
also been demonstrated. The hallmark of ALT cells is the recruitment of telomeres to PML bodies. 
It was shown that the SUMO-ligase MNS21, part of the SMC5/6 complex, SUM Oylates multiple 
telomere binding proteins, including TRF1 and TRF2, which prevents recruitment of telomeres to 
PML bodies. Depletion ofFMC5/6 subunits by shRNA was shown to induce telomere shortening 
and senescence in ALT cells, suggesting that SUM Oylation of telomere binding proteins facilitates 
telomere homologous recombination and elongation in ALT cells.” 

Concerning ubiquitination, it was shown that the human orthologue of the yeast protein 
EST 1B is a target for ubiquitin mediated degradation. EST1B was shown to bind histone 
deacetylase 8 (HDACS8) and phosphorylated HDACS inhibits degradation of HEST 1B by the 
E3 ligase CHIP. Regulation of HEST1B protein stability by HDAC8 modulates the enzymatic 
activity of telomerase.” Furthermore, poly-ubiquitin conjugates of yet unknown nature are 
found in PML bodies of senescent cells.°° 

A surprising link between another ubiquitin like modifier, ISG15 and telomere length has been 
observed only recently. The ISG15 gene is located in the subtelomeric region of chromosome 1 
and its mRNA and protein expression levels are tightly correlated with telomere length. While 
telomere position effects have been found in yeast a couple of years ago," ISG15 is the first known 
human gene whose expression is regulated by telomere length. 


Regulation of DNA Repair and Growth Arrest in Cell Culture 

The regulatory function of ubiquitination in DNA repair might be of high importance for 
aging, not only in regard to replicative senescence, but also in regard to segmental progeroid syn- 
dromes whose symptoms are largely caused by defects in the DNA repair system.*? Recent data 
suggest that virtually all the major DNA repair pathways and DNA damage response mechanisms 
and checkpoint responses are regulated in some way by ubiquitination, SUMOylation or both. 
Strikingly, genes of the RA Dó damage tolerance pathway encode mostly enzymes involved in the 
ubiquitin pathway and the interstrand crosslink repair pathway linked to Fanconi anemia seems 
to consist largely of enzymes and substrates of the ubiquitin system (for recent review see ref. 35). 
DNA damage usually induces the activation of DNA repair or damage avoidance pathway and 
often a checkpoint response that triggers cell cycle arrest to allow time for the repair. This reaction, 
referred to as a DNA damage response (DDR), is typically initiated by proteins that recognize 
DNA lesions and is followed by the recruitment and activation of proteins that trigger checkpoint 
signaling or directly perform the necessary repair steps. This involves large protein assemblies, 
which are microscopically identifiable as repair foci. Once the DNA is repaired, the machinery 
needs to be disassembled and the DNA damage response turned off. It has been shown that both 
ubiquitination and SUMOylation are key steps controlling consecutive events required for the 
DNA damage response (for a more detailed description the reader is referred to 35). In the fol- 
lowing section, individual components of this pathway, which are of particular importance for 
senescence and aging, are addressed in detail. 


Breast Cancer Associated Protein 1 (BRCA1) 

Most combined familial breast and ovarian cancers and ~40% of familial breast cancer cases 
have been linked to mutations in BRCA1. A mouse model carrying a homozyogous mutant 
of Brca14") and haploidity for p53, shows p53-dependent senescence in mouse embryonic 
fibroblasts as well as a premature aging syndrome at the organismal level. The heterodimer 


of BRCA1-BARDI is one of the E3 enzymes that catalyzes autoubiquitination by Kó linkage 
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in vitro and in vivo, that is not degraded by the 26S proteasome in vitro."” Rather, it leads to 
20-fold activation of its E3 ligase activity,” as well as to relocalization to nuclear foci upon 
DNA damage. 

One target of BRCA1-BARDI ubiquitination is nucleophosmin/B23,5” a nucleolar-cy- 
toplasm shuttling protein that induces premature senescence upon overexpression.” Another 
protein in this regulatory pathway is the central cell cycle regulator CDK2-cyclin El as a 
negative regulator of BRCA1-BARDI activity.” Since CDK2 protein levels and activity are 
markedly downregulated during replicative senescence of endothelial cells,” it is intriguing to 
think that this might cause high BRCA1-BARDI activity. As a consequence, this might lead 
to K6 polyubiquitination of nucleophosmin/B23, activating and most probably also stabilizing 
it, since K6 chains are also known to counteract ubiquitin dependent hydrolysis.** At the end 
of this signalling high nucleophosmin levels might help to induce or at least to maintain the 
senescent phenotype by directly interacting with p53 and inducing p21.” 

Another target of BRCA1-BARD 1 E3 ligase activity is the histone H2AX, which is monoubiq- 
uitinated upon DNA damage and colocalizes with BRCA1 at foci of DNA damage.” Formation 
of the phosphorylated H2AX (yH2AX) foci is also one of the hallmarks of replicative senescence 
in cell culture as reviewed by ref. 93 and also the phosphorylated form of H2AX colocalizes with 
BRCA1.” Therefore, it seems plausible that these foci also contain the monoubiquitinated YH2AX, 
since phosphorylation is a often a signal for consecutive ubiquitination.” 


Proliferating Cell Nuclear Antigen (PCNA) 

Other proteins that are monoubiquitinated upon DNA damage are histone 2A (H2A)” 
and proliferating cell nuclear antigen (PCNA). PCNA is involved in a large variety of DNA 
transactions (reviewed by ref. 97) like DNA replication, repair of interstrand cross links (ICL) 
and translesion synthesis.”* The E2 and E3 ligases transferring the monoubiquitin moietiy to 
PCNA are Rad6 and Rad18.” Only the monoubiquitinated form of PCNA can physically 
interact with polymerase m (pol 1)!" and this interaction is necessary to bypass pyrimidine 
dimers after UV damage in DNA replication.’ A clinical phenotype of mutations in this DNA 
repair function is known: mutations in pol y result in patients suffering from hypersensitivity to 
UV-light phenotypically related to the segmental progeroid syndrome xeroderma pigmentosa. 
Indeed this mutation has been classified to the XP variant (XPV) complementation group.'” 
Regulation of PCNA function by post-translational modification has been worked out recently 
and provides a striking example for the regulatory interplay between ubiquitin and SUMO modi- 
fications. PCNA homotrimeres act as processing factors for DNA polymerases and as a moving 
platform for factors that mediate replication linked functions, such as chromatin assembly or 
sister chromatid cohesion.!°? Remarkably, PCNA can be modified on the same conserved lysine 
residue (Lys164) either by monoubiquitylation, Lys63 linked polyubiquitylation chains or by 
SUMoOylarion. Both ubiquitination and SUMOylation of PCNA occur in S-phase, but ubiq- 
uitination specifically occurs, when DNA is damaged. SUMOylation of PCNA predominantly 
on Lys 164 attracts the antirecombinogenic helicase SRS2 to inhibit unwanted recombination 
during DNA synthesis. SUMOylation on Lys127 inhibits the interaction with certain PCNA 
binding proteins, such as Ecol. SUMOylation and ubiquitination are carried out by a complex 
system of conjugating enzymes, such as RAD15, RAD18, RAD6 and these modifications 
regulate the protein-protein interactions within DNA synthesis and DNA repair complexes. 
Because Lys164 of PCNA is a target for ubiquitin and SUMO, the two modifiers compete for 
the substrate. This has led to the development of a model for assembly and disassembly of PCNA 
multiprotein complexes, which is regulated by ubiquitination and SUMOYlation, referred to 
as the ubiquitin/SUMO “switchboard”.® 

An additional link to aging might be provided by PCNA’s function in DNA replication that is 
inhibited by p21 binding in the early phase of replicative senescence’ reviewed by ref. 105. Since 
besides monoubiquitination, PCNA can be K63-polyubiquitinated as well as SUMOylated at the 
same lysine residue (K164), it is well possible that these modifications might as well be involved 
in inducing or maintaining the terminal growth arrest at the Hayflick limit. 
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Senescence Evasion Factor (SNEV"?!?/?s04) 

In a previous screening for differentially expressed genes after induction of replicative 
senescence we have identified the highly conserved protein SNEV"919/s%4 106 Overexpression 
of SNEV"?!9/?4 increases the life span of human endothelial cells, which is correlated with 
higher resistance to stress and lower levels of DNA damage.’” Furthermore, SNEV?"!?/*4 
is a U-box E3 ligase!% and interacts with the proteasome, by directly binding to the beta 7 
subunit,'” while in mouse an interaction to the regulatory subunit SUG1 was reported.'"° It 
is of note that the beta subunits 6.1, 82 and 65 of the proteasome are markedly downregulated 
in senescent fibroblasts’ and that overexpression of B5 is sufficient to confer higher stress 
resistance and survival to fibroblasts as well as a delay in onset of replicative senescence for 
4-5 population doublings.!!2 In mouse, SNEV is essential for embryonic development, since 
its knock-out is lethal at the blastocyst stage.!!5 MEFs isolated from SNEV+/- heterozygous 
mice undergo senescence earlier than MEFs derived from litter mate controls.'!* Furthermore, 
SNEV is necessary for hematopoietic progenitor cell self renewal.'’* Although it is possible 
that SNEV"?!9/?4 and the proteasome act in the same pathway resulting in the observed in- 
crease of the life span, also different explanations for the underlying mechanisms in the case 
of SNEV?®!?/?4 are possible, since SNEV"?!?/?** iş also involved in DNA repair, 5115 specifi- 
cally in DNA interstrand cross link repair, where SNEV acts in a complex containing WRN, 
the gene mutated in Werner syndrome."” Although the DNA repair function seems to be as 
plausible a reason for life span extension in endothelial cells as the proteasome connection, 
it cannot be excluded that other functions like SNEV"?!?/**°s role in pre-mRNA splicing/"" 
are involved, before the substrate of SNEVP:P19/Pso4 or the domains that are involved in DNA 
repair have been identified. 


p53 Senescence and Tumor Suppressor Pathway 


53 
P ‘The regulation of p53 tumor suppressor protein plays a major role in signalling of DNA damage, 
protecting the integrity of the genome and is largely involved in aging of cells and organisms.11%120 
Excellent reviews are available on its highly complex and sophisticated regulation by the ubiquitin 
and sumoylation system and its multiple regulators Mdm2, VHL, ARF, ARF-BP1, HAUSP and 
MdmxX to which readers are referred.121:122 Still, also ubiquitin independent degradation of p53 
is reported! 


p19(ARF) 

Besides the CDK inhibitor p1GINK4A (see below), the INK4 locus codes for a second protein 
generated by alternative splicing, which leads to changes in the open reading frame, therefore this 
protein has been referred to as ARF (for alternative reading frame). Early reports suggested that 
ARF binds to p53 and stabilizes this tumor suppressor protein, however more recent data have 
identified that ARF can also promote SUMOylation of a variety of cellular target proteins, in- 
cluding MDM2.!**!” Similar to p16INK4A, ARF is N-terminally ubiquitinated and degraded in 
proteasomes. Recent studies have revealed an antagonism between SUMO deconjugating protease 
SENP3 and ARF, both of which interact with the abundant nucleolar protein nucleophosmin 
(NPM). It was shown that SENP3 and ARF antagonize each other’s function in regulating the 
SUM Oylation of target proteins, including NPM itself. The data suggest that the p53 independent 
tumor suppressor functions of ARF may be mediated by its ability to antagonize SENP3 thereby 
elevating cellular levels of SUMOylated proteins and inducing subsequent cell cycle arrest.”° ARF 
was also found to promote the polyubiquitination, through Lys63 of ubiquitin, of COMMD1, 
triggering this protein for proteasome dependent proteolysis. However, the enzymology of 
COMMDI polyubiquitination needs to be clarified.” One question of interest in regard to 
p53, p21 and p16 is if and which of the pathways to degrade or stabilize these key molecules are 
changed during the aging process. 
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Cell Cycle Inhibitors are Mainly Regulated by Ubiquitination 
Followed by Degradation 


p21(YVAF1/Cip1) 

One downstream target of p53, the cdk inhibitor, p21 (WAF 1), which is necessary for induc- 
tion of replicative senescence,'** can as well either be degraded in a ubiquitin independent way 
or can be regulated by SCF/Skp2 ubiquitin ligase activity,” which attaches the ubiquitin its 
N-terminus. Recent data have revealed molecular mechanisms underlying ubiquitin-dependent 
degradation of p21. It was shown that p21 is degraded in mitosis subsequently to APC/C medi- 
ated ubiquitination, suggesting that degradation of p21 contributes to the full activation of CDK1 
necessary for mitosis and prevents mitotic slippage during spindle checkpoint activation.’” p21 
is also degraded during S-phase and in response to low doses of ultraviolet light and this involves 
PCNA, which promotes the ubiquitination and degradation of p21. This involves the ubiquitin 
ligase Cul4A-DDB1(Cdt2). It was suggested that the ubiquitin ligases CRL4 (Cdt2) and SCF 
are redundant with each other to promote the degradation of p21 during S-phase.'*"!* p21 can 
also be degraded in a ubiquitin and ATP independent way in response to high doses of UV,!3 a 
process that may involve the proteasome activator REGgamma.'*‘ Ubiquitin dependent degrada- 
tion of p21 can also be triggered by reactive oxygen species.”” 


p16(INK4) 

p16(INK4a) encodes another cell cycle inhibitor, involved in induction of both replicative 
and oncogenic ras-induced senescence.” It is ubiquitinated by N-terminal linkage, since p16 
does not contain any lysine residues.’? The CDK inhibitor p19INK4D, which bears structural 
and functional similarity with p16, was shown to be a target for ubiquitin proteasome dependent 
degradation, which explains the oscillation of the protein, but not the mRNA, during a normal 
cell cycle. Ubiquitination of p19INK4D was dependent on the integrity of K62.1°” 


p27(KIP1) 

Another important regulator of the cell cycle involved in Rb-mediated senescence is p27 that 
regulates cdk2 kinase activity.” In senescent fibroblasts, p27 is stabilized by decrease in the F-box 
protein Skp2, which forms part of the SCF E3 ligase complex responsible for p27 ubiquitination and 
consequent degradation..”” Similarly, in cells of the Ewing sarcoma tumor family (EFT), depletion of 
the tumour-causing, rearranged EWS-Flil protein by siRNA elicits a senescent-like phenotype which 
is dependent on stability of p27, since Skp2 knockdown reversed the senescent phenotype." 

The stability of p27 is regulated at several levels, predominantly including two distinct pathways 
for ubiquitin proteasome mediated proteolysis. On the one hand, Serin10 phosphorylation in- 
creases in the early G1-phase of the cell cycle, allowing nuclear export of p27 and proteolysis of p27 
ina KPC-mediated reaction. Secondly, phosphorylation of p27 at threonin187 occurs in S-phase, 
which triggers proteolysis through SCF ubiquitin ligase. Major pathways for p27 ubiquitination 
depend on KPC and SCF (SKP2) ubiquitin ligase complexes (reviewed in ref. 22).14! 


Deubiquitinating Enzymes and Their Influence on the Cell Cycle 


UchL1/PGP9.5 

Analternative possibility to stabilize p27 is its deubiquitination and indeed, the DUB UchL1/ 
PGP9.5 was found to form a heterotrimeric complex with Jab1 and p27. This complex forms after 
serum restimulation of cells. In contrast, UchL1/PGP9.5 localizes to the perinuclear region and the 
cytoplasm in contact inhibited cells, but p27 remains nuclear,” suggesting that it does not get deu- 
biquitinated and therefore is not stabilized to induce cell cycle arrest under these conditions. 

Furthermore, UchL1/PGP9.5 transcription is largely increased in pituitary glands of aged 
mice! and has been implicated in neurodegeneration in Parkinson’s, Alzheimer’s and Huntington’s 
disease patients. In all these diseases, reduced UCHLI] function may jeopardize the survival of 
central nervous system neurons.'“ 
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Potential Role of Other DUBs in Cellular Proliferation and Growth Arrest 

No direct role of other DUBs in cellular aging has yet been reported, however, several of them 
are involved in regulating cell cycle progression. DUB-1 for example inhibits the cell cycle in G1 
phase, if expressed from an inducible promoter in the pre B cell line Ba/F3."5 Similarly, DUB-3, 
a cytokine-inducible deubiquitinating enzyme blocks proliferation in Ba/F3, but also in mouse 
embryonic fibroblasts upon overexpression.“ CYLD, a DUB that negatively affects NF«B signal- 
ling by removing K63-linked ubiquitin chains from tumour necrosis factor familiy members, 147,148 
inhibits proliferation of keratinocytes by deubiquinating Bcl-3.'° Furthermore, von Hippel Lindau 
(VHL) interacting deubiquitinating enzyme (VDU2) deubiquitinates and thus stabilizes hypoxia 
inducible factor 1 (HIF-1),!° which is causally involved in several types of cancer. In contrast, 
HIF-1 downregulation induces cellular senescence in endometrial cancer cells.'°! In keeping with 
this, hypoxia has been reported to extend the replicative life span of rat aortic smooth muscle 
cells.'? Thus, deregulation of HIF-1 might contribute to cellular senescence or tumor pathogenesis. 
Since HIF-1 is also involved in the reduced response of aged organisms to hypoxic stress,!°*!™ its 
ubiquitination status might be of importance also during organismal aging. 


Signal Transduction, Receptor Endocytosis—EGFR and Ras 

Epidermal growth factor receptor (EGFR) is one prominent example for the role of monoubiq- 
uitination in receptor endocytosis (reviewed by ref. 20). EGFR signalling is necessary for epithelial 
cell proliferation and differentiation'” and resistance to EGFR ligand signalling in senescent cells 
is well documented’® and is considered to be involved in slower wound healing in the elderly. 

Upon monoubiquitination, EGFR is internalized and sorted to the lysosomes, where it is de- 
graded.* The ubiquitin ligases Cbl’*’ as well Sts2/55 are involved in this pathway. Deubiquitination 
by UBPY/USPS can antagonize this and slow down the EGFR internalization.'” 

"The mechanisms leading to decreased EGFR signalling in senescent cells described so far include 
diminished EGFR mRNA transcription, enhanced phosphatase activitiy that dephosphorylates 
EGFR" as wellas altered endocytosis. Dependent on the dose of ligand EGFR is either internalized 
by ubiquitin-independent mechanism via caveolae at high EGF doses or by ubiquitin dependent 
clathrin-coated pits at lower doses.” Both receptor internalization pathways are affected in senes- 
cent cells: Enhanced EGFR internalization by caveolin has been shown as a major mechanism to 
downregulate EGF signalling in senescent cells, since knockdown of caveolins led to restoration 
of EGF signalling in senescent fibroblasts and overexpression of caveolins in young cells led to 
a senescent-like phenotype.'*"'® Similarly, the clathrin-dependent pathway is downregulated in 
senescent fibroblasts since one of the essential proteins, amphiphysin-1, is not internalized. 

One of the branches of EGFR signalling leads via ras to the MAP kinase pathway. Since constant 
signalling of ras, e.g., by overexpression of oncogenic ras (H-ras), leads to induction of premature 
senescence, ° also ubiquitin might be involved in its regulation. Indeed, mono or deubiquitina- 
tion of H-ras is important for docking to endosomes and to activate the downstream MAPK/raf 
signal cascade.’ 


Ubiquitin-Dependent and Independent Mitochondrial Protein 
Quality Control 

Ubiquitin-independent protein quality control of mitochondrial matrix proteins is vvell char- 
acterized and until recently the mitochondria were considered ubiquitination-free organelles. 
However, several recent studies indicate multiple roles of the ubiquitin proteasome pathway in 
the regulation and maintenance of mitochondrial integrity. Of particular interest is the finding 
of a mitochondrial ubiquitin dependent protein quality control, which shares similarity to the 
endoplasmic reticulum associated degradation (ERAD) pathway that acts to eliminate misfolded 
proteins from the lumen of the endoplasmic reticulum. Given the key role of mitochondrial func- 
tionality for healthy aging and the role of mitochondrial dysfunction in various aging processes, 
it can be expected that further insight into this field will elucidate new roles of ubiquitination in 
the aging process.!% 
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Figure 2. Age related changes in the ubiquitin system affect several different tissues. Reproduced 
with permission from Grillari J et al. Exp Gerontol 2006; 41(11):1067-79. 


Ubiquitination in Tissues during Aging 

Several tissues are subject to intensive investigations in regard to the activity and to single 
components of the ubiquitin system. In the following section, a summary on the most prominent 
examples is presented (Fig. 2). 


Ubiquitination in the Nervous System 

Since ubiquitination and protein degradation failure are involved in the pathogenesis of 
several neurodegenerative diseases and has been extensively reviewed, the reader is referred to 
some of the excellent current reviews.”*!® Concerning Parkinson’s disease some recent data 
shed new light on the role of ubiquitination in neuronal degeneration. Specifically Parkin, 
which is mutated in familial forms of PD, encodes a ubiquitin E3 ligase,’ the inactivation 
of which leads to a dysfunction of the ubiquitin proteasome system and to the accumulation 
of aggregated alpha synuclein in the cytosol of dopaminergic cells. Recent data suggest that 
parkin can also translocate to the nucleus upon DNA damage! where it participates in the 
regulation of DNA repair, probably through an interaction with PCNA.’ Another gene that 
is relevant for Parkinson’s disease codes for ubiquitin c-terminal hydrolase L1, which degrades 
the polyubiquitin chain and provides monoubiquitin to the cell. Similar to Parkin, dysfunction 
of UCHLI leads to a dysfunction of the ubiquitin proteasome system and the accumulation 
of protein aggregates.'”° Expression of a human Parkin missense mutant in Drosophila led to 
the degeneration of specific dopaminergic neuronal clusters and concommittant locomotor 
deficits that accelerated with age. These results provide in vivo evidence that Parkin mutants 
may directly exert neurotoxicity in vivo." 


Ubiquitination, Eye Diseases and Cataracts 

Similar to neurodegenerative diseases, accumulation of damaged protein is also involved in the 
formation of cataracts, in which high molecular weight protein aggregates form as an aging associ- 
ated phenomenon./” Since this might be related to the ubiquitinome of epithelial lens cells, 7174 
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several studies have explored the amount of ubiquitin conjugates, or the ubiquitination activity 
in either in vitro cultivated lens cells or in the epithelial lens tissue. Aging and cellular maturation 
cause decreases in ubiquitination activity as well as in the amount of free and conjugated ubiquitin 
in bovine lens epithelial tissue.!” In response to oxidative stress the increase in ubiquitination activ- 
ity was as well reduced.'”° Furthermore, gene expression profiling in human age-related nuclear 
cataracts found, besides others, two ubiquitin-conjugating enzymes!” as well as an E3 ligase! 
as downregulated in the aged tissue. Furthermore, an N-terminal protease-cleaved o-crystallin 
fragment which is increases during cataract formation is resistant against ubiquitin-proteasome 
mediated degradation.'” 

Taken together, this would suggest that the selection of degradation targets is decreased 
and that a slower turn-over of proteins might result in accumulation of damaged proteins and 
protein complexes. The role of the ubiquitin proteasome pathway in the length retinal cornea 
was recently reviewed.'*° Recently it was shown, that inactivation of the ubiquitin c-terminal 
hydrolase 3 (UCH-L3) leads to retinal degeneration along with muscular degeneration. In a 
normal retina UCH-L3 was enriched in the photoreceptor inner segment and loss of UCH-L3 
led to mitochondrial oxidative stress related photoreceptor cell apoptosis in a caspase indepen- 
dent manner.'*! Proteins modified by a highly reactive lipid peroxide, 4-hydroxynonenal (HNE) 
are also ubiquitinated in cultured epithelial lens cells. Surprisingly, these damaged proteins are 
degraded in a novel ubiquitin dependent pathway that degrades them within the lysosomes.'*? To 
what extent this pathway might be deregulated and contribute to accumulation of nonfunctional 
protein during aging has not been investigated yet. 


Ubiquitination in the Liver: Aging and Calorie Restriction 

Calorie restriction increases the life span of rodents! and agents mimicking calorie restriction 
might be a target for anti-aging drugs.'** Effect of aging and calorie restriction on the ubiquitina- 
tion potential in liver was first analysed by Scrofano and coworkers. They found increased levels of 
ubiquitin conjugates, correspondingly higher E1 and E2 activities in the livers of 23-months versus 
6-months old mice."” Calorie restriction, however, maintained a “young” phenotype also in this 
regard and prevented the increase. Surprisingly, the activity of ATP dependent and independent 
proteolysis did not change with age when using f-lactoglobulin and oxidized RNAse as model 
substrates. "€ Similarly, in a study aiming at the validation of housekeeping genes for normalization 
of gene expression levels in the aging liver of Fischer 344 rats, the amount of ubiquitin transcripts 
was found to change dramatically.'*” 

In a consecutive study, the response to oxidative stress in livers of 23-months old Emory 
mice after injection of paraquat, a generator of superoxide radicals, was analysed.'*° Again, 
calorie restricted animals showed significantly lower levels of E1 and E2 activity as well as 
of ubiquitin conjugates. After exposure to paraquat, however, El, E2 activity was induced to 
the same high amounts observed in ad libitum fed mice and ubiquitin-conjugates were even 
significantly higher in the calorie restricted mice, suggesting an increased turnover of protein 
and thus improved cellular repair. However, it is not clear if and how these ubiquitinated 
proteins are degraded, since Davies and coworkers have shown that oxidatively damaged 
proteins are degraded by the 20S proteasome in a ubiquitin independent manner.'**!® Using 
lipopolysaccharides (LPS) as a stressor, calorie restriction also attenuated liver injury, did not 
increase a pro-inflammatory response by NFKB pathway and slightly influenced the mRNA 
levels of proteasome subunits like beta 2 and 3, as well as several ATPases of the proteasome 
lid in the liver of Fisher 344 rats.!”° 

Additional experiments performed in mouse models suggest that dietary restriction signifi- 
cantly reduced age-related impairments in proteasome mediated protein degradation and reduced 
age-related increases in ubiquitinated, oxidized and SUMOylated protein in the heart. These 
results indicate that dietary restriction has many beneficial effects towards the ubiquitin protea- 
some system and suggest that a preservation of the UPP may be a potential mechanism, by which 
dietary restriction mediates beneficial effects on the cardiovascular system.!?! 
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Insulin-Like Growth Factor 1 (IGF-1) Signalling as Example 


of the Endocrine System 

The highly conserved members of the IGF-1 signalling pathway are implicated in regulating 
the life span of species as diverse as C. elegans, D. melanogaster and mouse.'”” This pathway includes 
the hormone IGF-1 whose bio-availability is regulated by IGF 1-binding proteins (IGFBPs) and 
signal transduction through the cell membrane by the IGF-1 receptor (IGFR), which forms dimers 
and shows tyrosine kinase activity upon ligand binding. One branch of the signalling then leads 
to the MAP kinase pathway via ras, another one via insulin receptor substrate 1 and 2 to akt, both 
branches specifically activating different genes in the nucleus.’ 

In regard to its regulation by the ubiquitin system, one of the IGFBPs, IGFBP3 has been found 
not only to be secreted, but also to be present in the nucleus, where it is subject to polyubiquitina- 
tion and degradation by the proteasome."” IGFBP3 internalization and translocation, however, 
might be independent from IGF-1.!% Thus, it is not clear to which extent IGF-1 signalling might 
be affected by aging related changes of the ubiquitin system. 


Ubiquitin System and the Aging Muscle 

Certainly related to the IGF signalling pathway, however, is the ubiquitination and 
down-regulation of IGFR by B-arrestin which acts as adaptor for Mdm2 as the specific E3 ligase.'”” 
Furthermore, IGF-1 triggers ubiquitination and proteasomal degradation of its downstream signal- 
ling molecules insulin receptor substrate 1 (1RS-1),551RS-2"? and Akt.” IGF-1 stimulates muscle 
growth by suppressing the atrophy related ubiquitin ligases atrogin-1 and muscle ring finger-1 
(MuRF1).2 Similarly, it reduces the levels of free ubiquitin as well as that of various ubiquitin 
ligases.?0? Decrease in the growth hormone/IGF-1 axis thus plays a major role in muscle wasting 
associated with diseases like diabetes, 6? chronic heart failure?” and cancer. 705 

Sarcopenia, an aging related form of muscle wasting,” is also associated with decrease in IGF-1 
signalling (reviewed by ref. 207), followed by significantly higher free ubiquitin amounts in human 
and rat skeletal muscle of aged as compared to young individuals. These high levels of free ubiquitin 
seem to be directly linked to sarcopenia, since direct injection of ubiquitin into young healthy 
rat muscle induces muscle degeneration.***” Although a different study does not report changes 
in total ubiquitin conjugate contents in aging rat soleus muscle, a decline in mRNAs coding for 
E2(14K) and MuRF-1*" are observed. In any case, a direct link between loss of muscle protein 
mass due to changes is ubiquitination and aging seems obvious. 

Recent studies have highlighted a key role of two E3 ubiquitin ligases, namely atrogin-1/ 
MAFbx and MuRF1 as major factors responsible for skeletal muscle atrophy. Both enzymes are 
upregulated in many conditions of atrophy and utilized for protein degradation during muscle 
atrophy. It was reported that this is not the case in age-related loss of muscle mass (sarcopenia). 
On the contrary, Atrogin-1/MAFbx and MuRF1 were found downregulated in skeletal muscle 
of 30-month-old rats, probably due to AKT (protein kinase B)-mediated inactivation as well 
as by MDM2 mediated degradation” of the forkhead box O 4 (FOXO4) transcription factor. 
Dietary restriction was found to impede both sarcopenia as well as the effects of aging on AKT 
phosphorylation, FOXO4 phosphorylation and Atrogin-1/MAFbx and MuRF 1 transcript regula- 
tion. Hence, sarcopenia appears mechanistically different from acute atrophies induced by disuse, 
disease and denervation.” It appears that a major age-dependent alteration in muscle proteolysis 
is a lack of responsiveness of the ubiquitin proteasome dependent proteolytic pathway to anabolic 
and catabolic stimuli (reviewed in ref. 213). 

In mice overexpressing a mitochondrial T3 receptor, which acts as a mitochondrial transcrip- 
tion factor, a progressive decrease of mitochondrial DNA content was observed, which led to 
muscle atrophy probably through a stimulation of atrogin-1 and MURF1.?" In a separate study 
overexpression of MURF1 did not lead to elevated ubiquitination of myosins instead the mice 
displayed lower levels of several metabolic enzymes required for glycolysis and glycogen metabo- 
lism. Whereas these data suggest that MURF1 expression in skeletal muscle redirects glycogen 
synthesis to the liver, molecular mechanisms are not clear at the moment.2!5 
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Age Related Changes in the Blood and Ubiquitination 

In erythrocytes, spectrins are membrane proteins responsible for shape and mechanical proper- 
ties. a-spectrin is a chimeric E2/E3 enzyme,2!% which is also ubiquitinated. A marked decrease in 
a-spectrin ubiquitination due to age-dependent changes in the erythrocyte membrane have been 
observed”i” and might influence the stability and deformability as well as the oxygen transport 
properties, all of which are reported to change with age.”!*?”° 

Aging associated changes in the behaviour of T-cells is also of major importance for organisms. 
One of the reasons of reduced defense by the aging immune system is involution of the thymus 
and consequently, reduction of naive T-cells.221222 But also functional changes of T-lymphocytes 
in the elderly are observed, especially the NFKB pathway that leads to activation by cytokines and 
to inflammatory response of T-cells undergoes major changes in T-cells of the elderly reviewed 
by ref. 223. One of the underlying mechanisms is a change in proteasomal as well as in deubiq- 
uitination activity.224 Since various types of ubiquitination play a major regulatory part in at least 
3 different steps of NF«B pathway,” all of these might be of importance in regard to the aging 

rocess. 

u Phosphorylation of inhibitors of NF«B (IB) by a kinase complex termed IkB kinase (IKK) is 
the event that consequently allows K48 polyubiquitination and proteasomal degradation of IkB. 
This ultimately leads to activation of NF«B.”” At a different level, K63 polyubiquitin linkage 
is involved as well, since the regulatory subunit of IKK, NEMO, binds to K63 polyubiquitin 
chains. If the interaction site in NEMO is disrupted by point mutations, the activation of NFkB 
is inhibited.™ Finally, also monoubiquitination plays a role in the NF«B pathway. Site-specific 
monoubiquitination of IKK down regulates continuous signalling by pro-inflammatory 
cytokines as well as by the oncogenic viral protein Tax.226227 

The discovery that two other inhibitors of NFKB signaling, A20 and CYLD1, are deubiq- 
uitinating enzymes, has emphasized the importance of these modifications. From these studies 
a general model of activation of NFKB has emerged. Whereas the details of this regulation vary 
depending on the particular signal triggering the signaling events, the ubiquitin dependent 
regulation of the NFKB pathway consists of the following steps: receptor engagement activates 
members of the TRAF family of E3 ligases to assemble a K63 linked polyubiquitin chain, which 
recruits the TAK1 protein kinase and its substrate IKB kinase (IKK). The complex catalyzes the 
K63 polyubiquitination of NEMO, the regulatory y-subunit of IKK. The phosphorylated and 
ubiquitinated IKK is now active to phosphorylate IkB resulting in its K48 polyubiquitination to 
trigger its degradation by the proteasome. Finally the removal of the K63 linked polyubiquitina- 
tion by the DUB A20 downregulates the signaling response.22 In this way this pathway presents 
an excellent example, how subsequent ubiquitination and deubiquitination steps cooperate in the 
execution of a biological response such as NFKB activation.” 

Besides its role in the decline of immune functions, NFKB deregulation is involved in loss of 
hearing and audionerve degeneration during aging in a mouse model,” its activity is dramatically 
increased in livers of old rats in comparison to those of young,”” while DNA binding activity of 
NFKB is significantly reduced in skeletal muscle of old rats.’ However, a direct role of ubiquitin 
dependent regulation of these processes has yet to be established. 


Segmental Progeroid Syndromes and the Ubiquitin System 

The ubiquitin system might also play a role in several segmental progeroid syndromes that 
are regarded as model systems for aging research.???755 Several of these syndromes are caused by 
mutations in DNA damage repair genes, which might provide one link to aging as outlined above. 
A connection to the ubiquitin system is presented by interaction of these proteins with and their 
regulation by the ubiquitin system. Some examples are listed in the following. 

Although not initially included in Martin’s list of segmental progeroid syndromes, Fanconi 
Anemia (FA) is postulated to induce several progeroid features in patients (reviewed in ref. 234). 
Monoubiquitination plays a specially important role in FA , since the so far known catalytic ac- 
tivity of the FA complex is that ofan E3 ligase. Mutations that interfere with monoubiquitination 
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of one of the FA pathway proteins, FANCD2, lead to defects in homologous recombination and 
translesion synthesis resulting in increased chromosome instability and leukaemia” and is classi- 
fied as segmental progeroid syndrome.*” Furthermore, FA derived hematopoietic bone marrow 
cells undergo premature senescence upon hypoxia/reoxigenization stress treatment”? and bone 
marrow failure is one of the major causes of death in these patients at the age of around 16. The 
E3 ligase complex responsible for this ubiquitination contains 8 FA proteins so far.’ In addition, 
BRCA1-BARDI can act as FANCD2 E3 ligase in vitro, however, its significance in vivo is not 
clear yet. 

Other examples of proteins mutated in progeroid syndromes and linked to the ubiquitin system 
comprise WRN, the DNA helicases that is mutated in Werner syndrome patients. WRN associates 
with VCP/p97, an AAA ATPase implicated in the ubiquitin/ proteasome pathway.’”*“” RECQL4, 
the dysfunctional protein in Rothmund-Thomson syndrome, interacts with UBR1 and UBR2, 
the E3 ligases of the N-end rule pathway but is not ubiquitinated nor degraded.24! The respon- 
sible mutation of Hutchinson-Gilford progeria has recently been identified to lie within lamin 
A/C*??8 and lamin A/C interacts with the sumoylation specific E2 ligase UBC9.** Mutations 
in the sumoylation site of lamin A lead to cardiomyopathy.” 

Ataxia telangiectasia (A-T) is due to lack of functional ATM kinase that responds to DNA 
damage and oxidative stress.” ATM is furthermore essential in inducing growth arrest upon 
reaching critically short telomeres.”” Nonetheless, the absence of functional ATM in fibroblasts 
derived from A-T patients leads to a reduced life span in vitro.22° Lymphoblastoid A-T-cells have 
higher endogenous ubiquitin conjugate levels and enhanced ubiquitination activity, but a muted 
response to H,O,?? 


Role of Ubiquitinylation and SUMOylation in Aging 
of Short-Lived Model Organisms 


Accumulating evidence, in particular in the nematode C. elegans, suggests that there is a role 
of ubiquitinylation for aging also in short-lived model organisms. It has been shown that the 
transcription factor DAF16, which mediates signaling through the insulin IGF-like signaling 
pathway in C.elegans, is the target for ubiquitin mediated proteasomal degradation (reviewed by 
ref. 250). On the one hand, DAF 16 is polyubiquitinated by a recently identified E3 ligase called 
RLE-1, which is the C. elegans orthologue of a murine E3 ubiquitin ligase called Roquin. DAF16 
is driving the expression of genes favoring longevity and it was reported that RLE1 mutants are 
long-lived and that lifespan extension requires DAF16.”1 On the other hand, DAF 16 activity, 
but not expression level, is also affected by depletion of the C. elegans homologue of Cullin1 and 
Cullin1 depletion results in a specific reduction of the lifespan in IIS long-lived mutants, whereas 
it has little effect on the lifespan of normal worms. Since Cull depletion did not affect the level 
of DAF 16, it was concluded that the Cullin based E3 ligase complex targets a so far unidentified 
repressor of DAF 16, thereby explaining the negative effects on lifespan.” In addition, it was shown 
that loss of the C. elegans homologue of the von Hippel-Lindau tumor suppressor gene VHL1, 
a Cullin based E3 ubiquitin ligase that negatively regulates the hypoxic response, increases the 
lifespan of C. elegans. It was also observed that hypoxia-inducible factor (HIF1) acts downstream 
of VHLI to modulate aging and proteotoxicity in C. elegans and that both genes control longevity 
by a mechanism distinct from both dietary restriction and insulin-like signaling.” 

In mice, CHIP deficiency reduces the life span with accelerated age-related pathophysiology 


and premature senescence of in-vitro cultivated cells of these mice.”” 


Conclusion 

The universal importance of the ubiquitin-proteasome system for molecular and cellular bi- 
ology, as well as for medical sciences is still increasing and there are only few cellular pathways left 
that at one step or another are not regulated by ubiquitin. In regard to aging of cells and tissues, the 
examples presented in this chapter (summarized in Fig. 3) suggest that deregulation and changes of 
the ubiquitinome might have vast implications for aging of organisms as well as for aging associated 
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Figure 3. Overview on the so far known implications of ubiquitin in aging. 


diseases, although in some cases direct evidence is still missing. In any case, further understanding 
of the influence of the ubiquitin system and its related molecules like SUMO, Nedd8, ISG15, atg8 
or atg12 on the aging process might help to identify targets for prevention of deleterious loss of 
cell and tissue function and pathogenesis of aging related diseases. 
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CHAPTER 14 


Sensory Influence on Homeostasis 


and Lifespan: 
Molecules and Circuits 
Joy Alcedo,* Wolfgang Maier and Queelim Ch’ng* 


Abstract 
he animals ability to maintain homeostasis in response to different environments can 
influence its survival. This chapter will discuss the mechanisms by which environmental 
cues act through sensory pathways to influence hormone secretion and homeostasis. 
Interestingly, recent studies also show that there is a sensory influence on lifespan that requires 
the modulation of hormonal signaling activities. Thus, this raises the possibility that the sensory 
influence on homeostasis underlies the sensory influence on lifespan. 


Introduction 

To optimize survival, animals must maintain relative constancy within their internal environ- 
ment, also known as homeostasis, by adjusting their physiology in response to their changing 
external environment. Thus, animals employ many mechanisms to: (1) define set points at which 
different physiological processes function most efficiently under given conditions; and (2) prevent 
large deviations from these defined set points. 


Internal vs. External Sensors 

Specification of these set points, such as blood glucose levels, is subject to internal and external 
stimuli that are detected by different types of sensors. The sensors that detect internal stimuli typi- 
cally monitor quantitative differences between set points and the existing internal environment. 
Since many of these internal sensors are involved in transmitting signals through negative feedback 
systems that correct deviations back to predetermined set points, these homeostatic sensors are 
required to function with a high level of precision.’* An example of a homeostatic internal sensor 
is the enzyme glucokinase in the pancreatic B cell, which is a sensor for internal glucose levels to 
control ATP concentrations and thus insulin secretion from pancreatic  cells.*® The mechanisms 
by which internal sensors regulate animal homeostasis will not be discussed further here and are 
reviewed elsewhere.2+ Rather, this chapter will focus on the role of external cues and their sensors 
in influencing homeostasis by modulating defined set points. 

‘The sensors that detect external stimuli generally playa more important role in assessing qualita- 
tive differences between various external environments.”* Accordingly, external sensors can function 
with a relatively lower degree of precision to perceive a wider range of concentrations of specific 
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stimuli.”* Indeed, such external sensors are less likely involved in rectifying fluctuations from set 
points but are more likely involved in modulating or resetting the set points. 

This chapter will discuss (1) how external sensory inputs are recognized and transduced by their 
respective sensory cells; and (2) how such sensory information is further processed to modulate 
the secretion of peptide hormones that maintain homeostasis by regulating different physiological 
processes, Since external sensory cues and the sensory system have recently been shown to influence 
lifespan,”" this chapter will also address possible mechanisms involved in the sensory influence 
on aging, which includes progressive impairment of animal homeostasis. 


How External Sensory Cues Influence Homeostasis 

Although the different roles of external sensory cues in affecting behavior are well-document- 
ed, the influence of these cues on animal homeostasis is less appreciated. Since some of these 
cues have been shown to affect different physiological processes, it is not surprising that there 
will also be a sensory influence on homeostasis, as demonstrated by a few examples discussed 
in subsequent sections. 

Sensory cues influence homeostasis by modulating hormone secretion. This can be sum- 
marized in a simple regulatory motif consisting of three steps (Fig. 1). In step 1, sensory cues 
change the activity of sensory neurons. In step 2, the sensory information is processed and 
transmitted, which leads to step 3, where neuro- or nonneuronal endocrine cells secrete hor- 
mones required in maintaining homeostasis. All three steps can occur via intracellular signaling 
within the sensory neuron itself (e.g., release of insulin-like-peptides from C. elegans sensory 
neurons’”), Alternatively, these steps could occur over many cells: the sensory neuron could ac- 
tivate sensory neural circuits that signal target cells to secrete the hormone. The target cells may 
be other neurons where hormone secretion is activated by neurotransmitters that are released 
from presynaptic neurons (e.g., hormone secretion from hypothalamic areas downstream of 
visual sensation'*"*); or nonneuronal endocrine organs where the neurotransmitters activate 
secretion via intercellular signaling cascades (e.g., cephalic-phase insulin secretion from ğ-cells 
in response to cholinergic innervations1”15). 

The subsequent sections will first describe the molecular components of signaling pathways 
involved in the reception and transmission of sensory signals and then illustrate examples of sen- 
sory and neuroendocrine circuits across which these molecular signaling mechanisms operate. 


Molecular Mechanisms Linking Sensory Transduction 


and Hormonal Outputs 

In sensory transduction and hormone secretion, information is converted from one form to 
another, e.g., from light or chemicals to neuronal activity, or from neurotransmitters to hormone 
secretion. We summarize the signal transduction pathways involved in these forms of information 
conversion: from reception of sensory cues, processing and transmission of sensory information, 
to hormone secretion (Fig. 1). 


Receptors That Link External Inputs to Regulated Secretion 

The detection of extracellular signals in sensory transduction and hormone secretion commonly 
relies on two types of receptors: (1) ionotropic receptors that are ion channels that open to allow 
ion flow when stimulated by an external cue, thereby changing the membrane potential'’; and 
(2) G-protein coupled receptors (GPCRs) that are seven transmembrane proteins that activate 
heterotrimeric G-proteins subsequent to its own activation'* (Fig. 1). Heterotrimeric G-protein 
complexes consists of Ga, GB and Gy subunits and are associated with GPCRs in the inactive 
state, where GDP is bound to the Ga subunit.'*”” Upon GPCR activation, GDP is exchanged 
with GTP and the G-protein complex dissociates into active Ga. and Göy subunits that signal to 
downstream effectors; mechanisms of G-protein activation and its associated proteins are detailed 
elsevvhere. 571 


Sensory Influence on Homeostasis and Lifespan: Molecules and Circuits 199 


A 
Processing and 
Input Transmission Output 
Sensory Neurons Neural Circuits Neuroendocrine Cells 
Endocrine Organs 
Sensing of: 
Light  İntra- and Hormone release 
Odorants (volatile) intercellular signals 
Tastants (soluble) 
B 
Molecules 
Ener lonotropic 
Chama receptors GPCR — Hormone 
lon G protein 
flovv 
PDE 
Nucleotidyl 
cyclases 
IP, 
lon 
channels 
\ J 
Neurotransmitter 
C 
Circuitries 
Photoreceptor Neuro/endocrine 
neuron Interneurons 
cells 
Taste receptor SOG (Drosophila) 
neuron/cell Hypothalamus (Mammals) 
Olfactory receptor 
neuron 


Figure 1. A regulatory motif for the sensory influence on homeostasis. A) Sensory neurons 
convert various cues to neural activity. Sensory neuron activity is propagated through neural 
circuits, where information processing and transmission occurs via inter- and intracellular 
signals. Ultimately, the neural circuits signal to neuroendocrine cells or endocrine organs, 
which lead to the release of hormones that alter the physiological state of the animal. Multiple 
regulatory motifs may be combined into a signaling network, allowing cross-talk between 
physiological and sensory processes'””. B) A schematic diagram showing the molecular nature 
of sensory transduction pathways that lead to neurotransmitter or hormone release. C) A 
scheme demonstrating the flow of sensory information that leads to the secretion of hormones 
that regulate homeostasis. In some cases, the activated sensory neuron releases the hormone 
itself through an intracellular signaling cascade, like the one depicted in panel B. 
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Secretory Pathways for Chemical Signals 

G-protein signaling and changes in membrane potential regulate the secretion of neu- 
rotransmitters that signal across synapses, as well as that of hormones that regulate physiology 
and homeostasis. Secretion occurs via the fusion of either one of two general types of vesicles 
with the plasma membrane: synaptic vesicles (SVs) and dense core vesicles (DC Vs).2223 SVs 
and DCVs differ in their cargo: SVs typically deliver small molecule neurotransmitters, such as 
y-aminobutyric acid (GABA), acetylcholine or glutamate, that signal to their cognate recep- 
tors across a synapse, whereas DCVs typically release neuropeptides, hormones, such as insulin, 
and other neurotransmitters.””> SVs and DCVs also differ in their biogenesis, trafficking, cell 
biology and regulation.” 

‘The secretion from SVs and DCVs are both tightly controlled; these vesicles progress through 
a sequence of docking (where vesicles become tightly apposed to the plasma membrane), priming 
(where vesicles become fusion-competent) and a SNARE-dependent vesicle fusion triggered 
by intracellular calcium (Ca?*).2426 The secretory machinery of SVs and DCVs can be regulated 
at multiple points: the structure and function of release sites (active zones); the activity states 
of the exocytotic machinery that influence progression through docking, priming and fusion; 
and the membrane potential that affects Ca?" entry for triggering vesicle fusion.”“?” G-protein 
pathways may influence any of these processes, whereas ionotropic receptors primarily affect 
membrane potential and hence Ca” entry.2426 


Regulation of Secretion by Different G-Proteins and Their Effectors 

Different Ga subunits regulate different sets of downstream effectors that target different 
steps in secretion.” Ga,, Ga, and Goz, are the major types of Ga subunits involved in this 
process.””” Generally, secretion is promoted by Ga, and Ga, and inhibited by Goz,,.””” Below, 
we describe some of the more prominent G-protein targets in secretion, not as a comprehensive 
list but to provide a flavor for the molecules involved. 

Go, activates phospholipase C-f (PLC), which cleaves phosphatidylinositol bisphosphate 
(PIP,) to generate the second messengers diacylglycerol (DAG) and inositol 1,4,5-trisphosphate 
(IP;).” To stimulate secretion, DAG activates protein kinase C (PKC) and UNC-13 family 
members, >?” while IP; activates the IP; receptor? UNC-13 family members have been 
proposed to affect both priming and additional unknown step(s) in vesicle fusion,3135 whereas 
PKC is thought to influence secretion by phosphorylating targets involved in priming and 
fusion pore formation. On the other hand, IP; receptor activation leads to Ca“ release from 
the endoplasmic reticulum and the opening of a cation-selective (Na*/Ca** exchanger) channel 
on the cell membrane.3536 

Ga, activates adenyl cyclase to produce cyclic AMP (cAMP), which activates protein kinase A 
(PKA) and the exchange protein activated by cAMP (Epac) to stimulate secretion. Downstream 
targets of PKA and Epac include proteins involved in secretory SNARE complex formation 
during priming (e.g., tomosyn), proteins in SV-release sites (e.g., RIM1) and ion channel sub- 
units that regulate membrane potential and Ca?" entry for exoeytosis.””55 Go.,j-are mammalian 
olfactory G-proteins related to Ga, and act on similar targets.” 

Go, inhibits the activity of adenyl cyclase and also targets calcium and potassium channels. 
These pathways also influence secretion by regulating active zone proteins‘? and the Rho family 
of small GTPases that in turn affect actin rearrangements.”* On the other hand, transducin, which 
is related to the Goz, activates CGMP phosphodiesterase (PDE), which leads to the closing of 
cGMP-gated cation channels, a block in sodium cation (Na*) influx, hyperpolarization of the 
cell membrane and neurotransmitter release at synapses.3536 

Regulatory interactions between these distinct G-proteins and their effectors allow cells to 
integrate inputs from multiple signals. For example, in C. elegans, double mutant analyses have 
revealed opposing endogenous interactions between Go, and Go,” These pathways target dif- 
ferent synaptic proteins within C. elegans motorneurons, suggesting that their effects on different 
rate-limiting steps of the secretory process are integrated by the neuron.%4142 
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Specificity in Signaling and Secretion 

Specific GPCRs are coupled to specific G-proteins with specific targets, leading to different 
secretory outcomes. For example, pancreatic $ cells express a whole plethora of GPCRs involved 
in regulating insulin secretion, including the M3 muscarinic receptors and the Y1 receptor. 
Activation of M3 muscarinic receptors by acetylcholine released from parasympathetic nerves 
that innervate the pancreatic cells, promotes insulin secretion, because M3 muscarinic receptors 
are coupled to Ge In contrast, activation of the Y1 GPCRs by its ligand neuropeptide Y leads 
to inhibition of insulin secretion, because Y1 receptors are coupled to inhibitory G proteins, like 
Go, Thus, the outcome of GPCR activation depends on the G-protein to which the GPCR 
is coupled. A review by Oldham and Hamm” further discusses the specificity determinants of 
GPCR/G-protein coupling and the mechanisms of G protein activation. 

Similarly, the ion-selectivity of an ionotropic receptor allows it to alter the membrane poten- 
tial and thus promote or inhibit Ca** entry via voltage-gated Ca?“ channels, which subsequently 
modulate neurotransmitter/hormone secretion.'” For example, at synapses, GABA, receptors on 
the postsynaptic neuron are inhibitory because they are permeable to chloride anions (Cİ), whereas 
the AMPA receptor for glutamate are excitatory because they are permeable to cations.” 


Examples of Sensory Signal Transduction 

Visual cues (light): Light is detected in photoreceptor cells by rhodopsins, which are composed 
of the G protein-coupled receptor opsin and a chromophore.35°3 Light energy isomerizes the chro- 
mophore, which causes receptor conformational changes and activation ofa G protein: transducin 
in vertebrates and a Ga, in invertebrates.*>** In vertebrates, transducin/PDE activation results in 
membrane hyperpolarization via inhibition of eGMP-gated channels, whereas in invertebrates Ga,/ 
PLC/IP; activation leads to depolarization via Ca? signals and Na*/Ca* exchangers.*>*° Despite 
these differences, these signals lead to changes in neurotransmitter secretion that are propagated 
through the visual neural circuitry.”””” 

Olfactory cues: In many species, odors are detected bya large repertoire of olfactory GPCRs that 
signal to downstream targets with species specificity. In mammals, stimulating olfactory GPCRs 
lead to the sequential activation of Ga, membrane adenyl eyclases and cAMP to activate cyclic 
nucleotide-gated channels.” In C. elegans, different olfactory neurons utilize different signaling 
pathways. Certain olfactory neurons signal via ODR-3 (related to Go,,,), CGMP and the TAX-2/ 
TAX-4cGMP-gated ion channel; whereas other olfactory neurons signal via phospholipids, poly- 
unsaturated fatty acids and the OSM-9 TRPV cation channel. In contrast, Drosophila utilizes 
a different family of olfactory seven-pass membrane receptors,*”* as well as a class of ionotropic 
glutamate receptor-related proteins,” which act as ion channels. 

Gustatory cues: In mammals, salty and sour tastants are thought to be sensed by ionotropic 
receptors, whereas sweet, bitter and umami are sensed by GPCRs that couple to gustducin or 
Go, In Drosophila, the gustatory receptors (GRs) are related to Drosophila olfactory receptors.>"* 
GRS5a and Gr64a act in sugar sensing, but neither the downstream signal tranduction pathways 
nor the receptors for other tastants are fully known.°!2 In C. elegans, gustatory receptors have not 
been identified, but Na* and Cİ” ions are sensed separately by bilaterally asymmetric ASE sensory 
neurons viaa guanyl cyclase signaling pathway that is modulated by G-protein signaling in other 
sensory neurons.” 


The Circuitry Underlying the Processing of Sensory Information 

The architecture and function of the nervous system of one animal species can vary significantly 
to those of others and their description lies beyond the scope of this chapter. Rather, this section 
will focus on examples of neural circuitry involved in sensory processing to illustrate how visual 
and chemosensory cues can elicit systemic changes by regulating hormonal secretions from target 
tissues (Fig. 1), which affect animal homeostasis. 
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Processing of Visual Information to Synchronize Circadian Rhythms 

Circadian behavioral and physiological rhythms have evolved in eukaryotes as a means to 
anticipate environmental changes that occur regularly with the earth’s rotation around its axis. 
In mammals, the time-keeping mechanism that generates these rhythms involves circadian clocks 
that function within a hierarchy.’ A master clock resides in neurons of the suprachiasmatic 
nucleus (SCN) of the hypothalamus, which synchronizes the clocks of all peripheral cells within 
the animal. The master clock in the SCN is capable of self-sustained function, whereas the 
peripheral clocks oscillate only in the presence of the master clock.**°* On the molecular level, 
each clock consists of an oscillatory gene-regulatory network that has been reviewed extensively 
by others” and will not be addressed here further. 

A major stimulus in resetting the circadian clock is the cycle between the presence and absence 
of light within the animal’s daily environment.* This visual cue is communicated directly to the 
master clock in the SCN from a subset of photoreceptor cells that express melanopsin, a rhodop- 
sin-related molecule.” The axons of the melanopsin-expressing cells relay photic information 
by releasing the neurotransmitter glutamate that acts on the SCN to promote molecular changes 
that resynchronize the clock with the animals light/dark environmental cycle.® The SCN secretes 
signals, like the peptide hormones prokineticin 2/5 and transforming growth factor o (TGF-a),"4 
that can then act on other areas of the hypothalamus.*! These other hypothalamic areas in turn 
control the secretion of hormones from target endocrine tissues, such as the pituitary, pineal 
and adrenal glands, which allows for the circadian modulation of many physiological processes 
required for homeostasis.” 

Glucose homeostasis is one example that undergoes circadian rhythmicity: blood glucose levels 
are higher during the light phase of the cycle and lower during the dark phase of the cycle. 
Although these diurnal changes in blood glucose levels could be explained simply by a circadian 
schedule in the animal’s food intake, the perception of light has been shown to affect the levels of 
melatonin,“® which can stimulate insulin pathway activity and glucose transport into cells,“?5 
The synthesis of the hormone melatonin in the pineal gland is inhibited by the presence of light: 
there is less circulating melatonin during the light phase of the cycle and more melatonin during 
the dark phase of the cycle. In addition, this diurnal cycling in melatonin synthesis can be abol- 
ished by the removal of retinal photoreceptors or by the disruption of the circuit between the 
photoreceptor cells and the pineal gland. Thus, these observations together suggest a role for 
light perception in glucose homeostasis. 


Processing of Chemosensory Information to Alter Behavior and Metabolism 

Gustatory and olfactory cues are not only perceived by anatomically distinct receptor cells but 
are also processed by separate circuits in different species. 

Worms: In C. elegans, a subset of gustatory neurons®*” senses a pheromone mixture of glyco- 
sides®® that promotes under harsh environments dauer formation, which is an alternative devel- 
opmental program.” Harsh conditions, like overcrowding and hence low food availability, can be 
signified by increasing environmental quantities of the dauer pheromone mixture, which is secreted 
by each animal throughout its life."7) Accordingly, high concentrations of dauer pheromone have 
been shown to inhibit the secretion of peptide hormones, such as an insulin-like peptide!” and 
TGF-6,” from the pheromone-sensing neurons, which in turn can act directly on neuronal (e.g., 
interneurons) and/or nonneuronal cells. The downregulation of the insulin” ”* or the TGF-B%7 
pathway promotes formation of the developmentally arrested dauers. Hence, inhibiting the release 
of these hormones from the chemosensory neurons is believed to promote a shift not only in the 
animal’s metabolic homeostasis but also in its stress-responsiveness that prepares the dauer for 
long-term survival under harsh conditions. At present, the cells on which these peptides act 
to regulate dauer formation are unknown. 

On the other hand, the role of C. elegans olfactory neurons in regulating homeostasis remains 
unclear, although these neurons have been shown to affect lifespan'® (discussed below), which 
could involve a change in the animal’s homeostasis. The neuronal circuitries that process olfactory 
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cues in contrast to gustatory cues are also only beginning to be elucidated. For example, the map of 
postsynaptic partners of gustatory and olfactory neurons shows considerable overlap. However, 
olfactory neurons synapse more extensively onto one set of interneurons, whereas gustatory neurons 
synapse more onto another set of neurons.”° 

Fruitflies: In Drosophila, the neurons that detect gustatory and olfactory stimuli are found in 
anatomically different structures.” Taste inputs are communicated either directly or indirectly to 
the subesophageal ganglion (SOG), which further relays taste information not only to higher brain 
centers, the ventral nerve cord and nonneuronal tissues but also to neuroendocrine cells.777š This 
raises the possibility that gustatory cues can also modulate the release of hormones that regulate 
fly homeostasis. Interestingly, a small cluster of SOG neurons that express the neuropeptide hugin, 
which controls food intake and fly growth, not only receive direct inputs” from gustatory recep- 
tor neurons (that innervate structures within the fly’s mouthparts)” but also send projections to 
or near insulin-producing cells.” In addition, consistent with the hypothesis that SOG peptides 
are regulated by gustatory cues that affect homeostasis, microarray analysis of hugin mutants 
demonstrates altered expression of insulin-like peptides.” 

Recently, fly olfactory mutants have also been shown to have altered lipid content and 
respiration," which suggests a role for olfactory cues in maintaining this animals metabolic ho- 
meostasis. The cholinergic olfactory receptor neurons convey odor inputs directly to individual 
glomeruli in the fly antennal lobe, where olfactory information is further relayed to second-order 
cholinergic projection neurons (PNs).” PNs link the antennal lobe with higher brain centers, like 
the mushroom body, which is involved not only in associative olfactory learning” but also in other 
processes, including sleep homeostasis.*"*! 

Mammals: The homeostatic mechanisms that are activated upon food intake are influenced, 
not surprisingly, by chemosensory cues.” Food intake elicits a wide range of responses that serve 
to ensure effective digestion, maintenance of metabolic homeostasis upon the availability of 
new nutrients and termination of feeding upon the release of a satiety signal. The physiological 
responses during mammalian food intake can be divided into three phases, depending on the tis- 
sues that are stimulated during the process: the neural/cephalic phase, the gastric phase and the 
intestinal phase.”” The cephalic phase of food intake is studied by subjecting the animal to food 
odors alone or to mock feedings that involve tasting but not swallowing or digesting the food. 
This initial phase of food intake implicates odorants and tastants in triggering secretions from the 
salivary glands, stomach and pancreas.?”52 For example, there is an increased secretion of saliva," 
the gastrin hormone and gastric acid® upon smelling or tasting palatable food. Moreover, after a 
mock feeding, there is increased secretion of the hormones leptin® and insulin, which occurs in 
the absence of increased blood glucose levels, 517 in rodents, dogs or humans. These pre-absorptive, 
anticipatory responses that are triggered by gustatory and olfactory stimuli have been shown to be 
required for normal feeding behavior and optimal digestion® and suggest how taste and olfaction 
influence an animals metabolic homeostasis. 

Gustatory information from taste receptors on the tongue is carried through three different 
cranial nerves—the facial, the glossopharyngeal and the vagus nerves—to the nucleus of the solitary 
tract (NST) in the mammalian brain.***’ From the NST, which also receives internal viscerosensory 
inputs, gustatory information is relayed to the parabrachial nucleus (PbN), which further projects 
to the thalamus and gustatory cortex.*** In primates, the thalamocortical part of the circuit that 
comes from the NST bypasses the PbN neurons.***’ Interestingly, gustatory information can also 
be relayed in a parallel circuit not only to the amygdala but also to the hypothalamus,*°*” which 
links the mammalian nervous system to the endocrine system. 

On the other hand, olfactory information is transmitted by olfactory receptor neurons (ORNs) 
to the first relay point within the brain, the olfactory bulb.**** From there, olfactory information 
is relayed to cortical regions, as well as amygdalar and hypothalamic regions.”” Indeed, retrograde 
labeling of neurons has demonstrated that a discrete set of ORNs relays information to hypotha- 
lamic neurons that express the luteinizing hormone release hormone (LHRH), which is a key 
hormone that regulates mammalian reproductive homeostasis. Consistent with the existence 
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of this neural circuitry, olfactory cues have also been shown to stimulate the secretion of LHRH, 
which not only controls the release of other hormones required for gonadal development and 
function but may also directly promote mating behavior.””! 

Thus, together these gustatory and olfactory circuits can allow the hypothalamus to integrate 
both external and internal sensory information to control animal homeostasis in response to the 
changing quality of the environment. 


Sensory Influence on Lifespan 

Recent studies have shown that the sensory systems of C. elegans and Drosophila not only influ- 
ence the behavior and physiology of these animals but also their lifespan.”"" A subset of gustatory 
and olfactory neurons in C. e/egans'° and olfaction in Drosophila" have been found to exert different 
effects on lifespan, which suggests that food-derived cues affect longevity. Since dietary restriction 
has previously been shown to increase lifespan,” it is possible that the sensory system influences 
lifespan by regulating the animal's general food intake. However, the observation that not every 
gustatory neuron affects lifespan’ suggests that the animal adjusts its rate of aging not only in 
response to food levels but also to more specific cues derived from different food sources. 


Gustatory Influence on the Insulin/IGF-1 Pathway That Affects Lifespan 

Laser ablation of certain gustatory neurons (ASI and ASG) extends C. elegans lifespan, which 
depends on the activities of other gustatory neurons (ASJ and ASK). This suggests that there are 
two classes of gustatory neurons: one that shortens lifespan and another that lengthens lifespan. 
These neurons appear to influence lifespan by modulating the activity of the C. elegans insulin/ 
IGF-1 pathway,” which has been shown previously to modulate longevity? (Fig. 2). 

The reduction in function of the C. elegans insulin/IGF-1 receptor DAF-2 can increase 
lifespan by as much as two-fold.”3”>"* This lifespan extension requires the activity of DAF-16,5”" 
a FOXO transcription factor”””” that is activated and translocated into the nucleus upon low 
DAF-2 activity.” Mutations that impair C. elegans sensory function decrease the activity of the 
DAF-2 pathway,’ leading to the nuclear localization of DAF-16.” In addition, ablation of the 
ASI neurons causes lifespan extension that is daf-16-dependent, whereas ablation of the ASJ and 
ASK neurons can partly suppress the lifespan extension observed in daf-2 reduction-of-function 
mutants (Fig. 2).'° Thus, these findings, together with the expression of insulin-like peptides in 
sensory neurons,’*!™ are in keeping with the idea that the activity of this pathway is subject to 
modulation by sensory cues. 


Olfactory Influence on Signal(s) from the Reproductive System 
That Affect Lifespan 


Ablation of the germline precursor cells extends C. elegans lifespan, which can be suppressed 
by either ablation of the somatic gonad precursor cells or a null mutation in daf-16.'"' In contrast, 
daf-16 null mutants in which the somatic gonad has been ablated live shorter than daf-16 mutants 
with an intact gonad, fl suggesting that the somatic gonad can act in parallel to daf-16 to affect 
lifespan. These observations have led to the model that the germ line of C. elegans generates a 
longevity-inhibiting, daf16-dependent signal, which is counterbalanced by a longevity-promoting, 
daf16-independent signal from the somatic gonad (Fig, 2).!% 

Germline ablation can further extend the lifespan of C. elegans that have sensory defects,’ which 
can either be gustatory or olfactory in nature.’ Surprisingly, however, impairment of olfactory, but 
not gustatory, function prevents somatic gonad ablation from suppressing the lifespan extension 
caused by germline ablation." This suggests that, in contrast to gustatory neurons, olfactory neurons 
modulate the activity of the somatic gonad signal (Fig. 2).!9 Consistent with this observation, the 
olfactory influence on lifespan is also at least partly daf 16-independent.'° However, the somatic 
gonad appears to promote longevity in a daf-2-dependent manner, "1 which raises the possibility 
that olfactory neurons might influence lifespan by also regulating the release of insulin-like peptides 
that, in this case, act independently of daf-16. Indeed, at least one of the worm insulin-like genes 
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Figure 2. Specific gustatory and olfactory neurons influence C. elegans lifespan through hormonal 
signaling pathways. A) Certain gustatory neurons (ASI, ASG) shorten lifespan, whereas other 
neurons (ASJ, ASK) lengthen lifespan. Both classes of gustatory neurons appear to modu- 
late insulin/IGF-1 signaling to affect worm lifespan. B) A schematic diagram of the worm’s 
gonad precursor cells showing that the germline cells (GC, gray circles) inhibit longevity in a 
daf-16-dependent manner. On the other hand, the somatic gonad (SG, white circles) promotes 
longevity in an olfactory neuron-dependent and daf-2-dependent manner. 


is expressed in a pair of olfactory neurons.'™ So far, it is unclear whether olfactory neurons release 


a signal that modulates DAF-2 activity or whether DAF-2 blocks the release of a signal from the 
olfactory neurons to inhibit longevity. 

The olfactory influence on lifespan has also been reported in Drosophila." Flies that lack the 
atypical olfactory receptor Or83b, which is required for the proper subcellular localization of many 
of the olfactory receptors,'*’ not only have severe olfactory deficits but also live long."' Conversely, 
olfaction has been shown to shorten the lifespan of dietary-restricted flies." 

Dietary restriction (DR) isa treatment that can extend the lifespan of many species, ranging from 
yeast to mammals.” 1° DR, by its very nature, indicates a role for the environment in influencing 
lifespan. Since the lifespan increase seen in dietary-restricted flies can be partly suppressed when 
the flies are exposed to food-associated odors alone," it appears that sensory perception itself can 
trigger a physiological change that can antagonize the DR response. In long-lived 07832 mutant 
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flies, the mRNA levels of most of the insulin-like genes are not significantly downregulated, with 
the exception of one member of this family.'""” Since the insulin pathway has also been shown to 
affect fly lifespan,1%%112 it is possible that the change in expression of one of the insulin-like genes 
mediates the olfaction-induced physiological change that affects lifespan. Although the mechanism 
behind this sensory influence on lifespan currently remains unknown, it is not surprising that the 
olfactory system, which can signal the levels or quality of food in the environment, would mediate, 
at least in part, the effects of DR on lifespan extension. 


Conclusion: Connections Between the Sensory Influence 


on Homeostasis and Lifespan? 

‘The sensory influence on both homeostasis and lifespan involves the modulation of activities 
of hormonal signaling pathways. One of these pathways, the insulin/IGF-1 pathway, has been 
shown to regulate the expression of metabolic, immune-response and stress-response genes that 
not only regulate animal homeostasis but also affect lifespan.'3''* Together these observations 
are consistent with the possibility that specific sensory cues can redefine set points in homeostasis 
bidirectionally, thus leading to a longer or shorter lifespan. This hypothesis predicts that the effects 
of a given sensory cue on lifespan will be abolished when either the specific sensory pathway or its 
modulation of the set point(s) is disrupted. Indeed, sensory neurons have been shown to control 
lipid homeostasis!” anda change in lipid homeostasis can also lead to changes in lifespan.!! Thus, 
the future identification of the set points affected by the lifespan-influencing sensory cues should 
yield insight into the mechanisms that regulate the rate and/or onset of aging. 

Finally, homeostasis is characterized by a number of feedback mechanisms. Since hormones have 
also been proposed to modulate the sensory system,/"” this raises another intriguing possibility that 
the decline in sensory function observed during aging!!š may result from a disruption in feedback 
regulation between the animal’s sensory system and its different homeostatic mechanisms. 
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CHAPTER 15 


Regulation of Muscle Atrophy 
in Aging and Disease 


Manlio Vinciguerra,* Antonio Musaro and Nadia Rosenthal 


Abstract 
uscle aging is characterized by a decline in functional performance and restriction of 
| \ / | adaptability, due to progressive loss of muscle tissue coupled with a decrease in strength 
and force output. Together with selective activation of apoptotic pathways, a hallmark 
of age-related muscle loss or sarcopenia is the progressive incapacity of regeneration machinery to 
replace damaged muscle. These characteristics are shared by pathologies involving muscle wasting, 
such as muscular dystrophies or amyotrophic lateral sclerosis, cancer and AIDS, all characterized 
by alterations in metabolic and physiological parameters, progressive weakness in specific muscle 
groups. Modulation of extracellular agonists, receptors, protein kinases, intermediate molecules, 
transcription factors and tissue-specific gene expression collectively compromise the functionality 
of skeletal muscle tissue, leading to muscle degeneration and persistent protein degradation through 
activation of proteolytic systems, such as calpain, ubiquitin-proteasome and caspase. Additional 
decrements in muscle growth factors compromise skeletal muscle growth, differentiation, survival 
and regeneration. A better understanding of the mechanisms underlying the pathogenesis of muscle 
atrophy and wasting associated with different diseases has been the objective of numerous studies 
and represents an important first step for the development of therapeutic approaches. 

Among these, insulin-like growth factor-1 (IGF-1) has emerged as a growth factor with a 
remarkably wide range of actions and a tremendous potential as a therapeutic in attenuating 
the atrophy and frailty associated with muscle aging and diseases. In this chapter we provide an 
overview of current concepts in muscle atrophy, focusing specifically on the molecular basis of 
IGF-1 action and survey current gene and cell therapeutic approaches to rescue muscle atrophy 
in aging and disease. 


Muscle Atrophy and Wasting Diseases 

The most remarkable feature of skeletal muscle is the capacity to adapt its morphological, 
biochemical and molecular properties in response to several factors. Nonetheless, under 
pathological conditions skeletal muscle loses its adaptability, leading to atrophy or wasting. In 
particular, atrophy represents a rapid reversible process resulting from disuse, denervation (de- 
fined as the loss of nerve supply) or disease, whereas wasting involves an irreversible loss in muscle 
mass, associated with pathologies like cancer, acquired immune deficiency syndrome (AIDS) or 
chronic heart failure. 

In all these cases, alterations in the metabolic mechanisms represent one of the principal compo- 
nents of the skeletal muscle pathogenesis. The continual synthesis and degradation of cell proteins 
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is the result of normal intracellular metabolism and represents an important homeostatic function 
of muscle tissue. Muscle wasting, in contrast, is a process in which the delicate balance between 
anabolic and catabolic process is impaired."? Several pathologies such as muscular dystrophies, 
fasting, cancer, metabolic acidosis, denervation, AIDS, heart failure, diabetes, sepsis, burns, hy- 
perthyroidism and excess glucocorticoids involve a general protein breakdown, promoting muscle 
atrophy, alteration in anabolic pathways and muscle wasting. 


Molecular Mechanisms of Muscle Atrophy and Wasting 

There are several proteolytic systems that are responsible for the protein breakdown and 
therefore muscle wasting. Calpain-, caspase- and ubiquitin- mediated protein degradation and 
autophagy/lysosome system are the principal pathways activated in several pathologies, leading 
to myofiber degeneration and impaired muscle regeneration. 


The Calpain Pathway 

Calpains are calcium-activated cysteine proteases that participate in various intracellular signal 
transduction pathways mediated by Ca**.* Calpains consist of two subunits, an 80kDa large sub- 
unit, which contains protease activity and a 30kDa smaller subunit, functioning as a regulator of 
calpain activity. Calpains are activated by several stimuli in which intracellular Ca** homeostasis 
is affected, causing disruption of the contractile tissue,’ mitochondrial swelling, sarcoplasmic 
reticulum vacuolization® and sarcomeric alterations.’ 

Two ubiquitous calpain isoforms, { and m, are well characterized by their relative Ca”” con- 
centration dependence and several other isoforms are selectively expressed in mammalian tissues. 
Among calpains, calpain 3 is predominantly expressed in skeletal muscle and maintains proteolytic 
activity at physiological Ca**. 

Calpains are preferentially localized in the Z disk of the sarcomere, where they initiate the 
proteolytic cleavage of muscle protein, causing the complete disassembly of myofibrils and loss of 
the Z disk.%1% The activity of calpains is further regulated by the endogenous inhibitor calpasta- 
tin, which prevents both enzyme activation and expression of catalytic activity. Noteworthy, the 
interactions occurring between calpastatin and calpains are finely modulated by intracellular 
Ca?*concentration. 

The calpain isozymes are associated with organelles and molecules involved in metabolic and 
signal transduction pathways, such as glycolytic enzymes, protein kinase A and C, phospholi- 
pase C and cytoskeletal protein, such as desmin, vimentin, integrin, cadherin, o-actinin.'! The 
non-erythroid spectrin protein known as fodrin, which is a multifunctional protein and a major 
component of the cortical cytoskeleton of most eukaryotic cells including muscle cells, is another 
molecular target of calpains.”? Cleavage of fodrin accompanies apoptosis induced by treatment 
of cells with staurosporine, glucocorticoid, or synthetic ceramide,'*" all factors that affect muscle 
physiology and myofibers survival. 

In contrast to other proteolytic systems, calpains cleave target proteins at specific sites, leaving 
large polypeptide fragments with altered physiological properties. In addition, post-translational 
modifications provide a mechanism of “marking” specific proteins for calpain degradation. For 
instance, phosphorylation of Troponin T and I by protein kinase A and C dramatically alters the 
sensitivity of the protein to calpain degradation.” 

The activity of calpains is also associated with neutrophil accumulation during exercise, 
suggesting a role for calpains in muscle injury. Growing evidence revealed that the proteolytic 
activity of calpain is also associated with the pathogenesis of muscle diseases. Proteolysis by calpain 
causes muscle fiber degradation in Duchenne and Becker muscular dystrophies (DMD/BMD)."*? 
Moreover, alteration in the function of calpain3 was found associated with limb-girdle muscular 
dystrophy Type 2A,”° suggesting that calpain3 is fundamental for normal muscle function. 

Insights into the roles of Calpain 3 in the skeletal muscle came from studies using transgenic 
mice. Overexpression of full-length Calpain 3 in mice, under the control of human skeletal o-actin 
promoter is not toxic to muscle, whereas overexpression of Calpain 3 isoforms lacking exon 6 or 
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exon 15 produces abnormal skeletal muscle due to defects in myoblast fusion, or defects in matu- 
ration after fusion.”! Notably, the expression of a calpastatin transgene, the endogenous inhibitor 
of calpains, attenuates muscle wasting associated to muscle disuse and completely prevents the 
shift in fiber type from slow to fast, which normally occurs in muscle unloading.” Collectively 
these studies demonstrate that calpains play a key role in muscle homeostasis and implicate an 
additional role for alterations in intracellular Ca** concentration. Future efforts will be needed 
to test the feasibility of targeting Calpains in gene therapeutic applications and to identify their 
in vivo substrates. 


The Caspase Pathway 

The central component of the apoptotic machinery in several tissues is a proteolytic system 
involving a family of cysteine proteases called caspases.”® Activation of caspase pathway is related to 
several diseases, including cancer and muscular dystrophies. Caspases are all expressed as inactive 
proenzymes with a molecular weight between 50 and 33 kDa and are activated after cleavage at 
the aspartate residues, generating the active product with lower molecular weight. 

Caspases are classified in two major groups: the initiator caspases that initiate the proteolytic 
cascade and the effector caspases that cleave target protein triggering the apoptotic pathway. A 
key role of caspases is to inactivate proteins that protect living cells from apoptosis. It has been 
reported that the cleavage of ICAD,* an inhibitor of the caspase-activated deoxyribonuclease 
(CAD), leads to DNA fragmentation. In non-apoptotic cells, CAD is present as an inactive 
complex with ICAD. Under apoptotic stimuli, caspases inactivate ICAD leaving CAD free to 
fragment DNA. 

In addition, caspases cleave structural proteins of the nucleus and cytoskeleton. Proteolysis of 
lamins triggers the destruction of nuclear lamina and allows chromatin condensation.””” Desmin 
is specifically cleaved by caspase 6, generating a cleavage (N-desmin) product which functions 
as dominant negative inhibitor unable to assemble into intermediate of filament and activating 
apoptotic pathvvays.”” Similarly, the caspase-dependent cleavage of gelsolin, a widely distributed 
actin binding protein involved in controlling cell morphology, motility, signaling and apoptosis, 
generates a fragment constitutively active and promoting apoptosis.*! 

Caspase-mediated apoptosis has been associated different muscular diseases. Caspase 3 expres- 
sion and activity correlates with apoptosis in Duchenne and facioscapulo-humeral dystrophy.” 
In addition, cleavage of B-catenin and focal adesion kinase (FAK) family may interrupt cell-cell 
contacts and cell-matrix focal adhesions. Moreover, cleavage of regulatory and effector proteins, 
such as proteins involved in DNA repair, mRNA splicing and DNA replication,*** leads to altera- 
tion in cellular functions and activation of muscle wasting mechanisms. Caspases are also involved 
in the catabolic processes of skeletal muscle associated with cancer cachexia. 


The Ubiquitin-Proteasome and the Autophagy-Lysosome Systems 

The ubiquitin-proteasome and the autophagy-lysosome pathways play a key role in the turn- 
over of muscle protein and are activated in several catabolic processes leading to muscle wasting.*® 
These two systems are coordinately regulated to preserve a normal composition of proteins and 
organelles in atrophying cells.*”*’ The two pathways are believed to serve separate functions. 
Proteasomes degrade myofibrillar and short-lived proteins,” whereas autophagy-lysosomes are 
believed to control long-lived proteins and organelles.***° Both systems require ATP to activate 
small molecules: ubiquitin and ubiquitin-like proteins. Different classes of enzymes catalyze the 
reaction of activation (El protein) and the transfer of the small ubiquitins to the conjugation system 
(E2 proteins). In the ubiquitin-proteasome system, the final step, regulated by enzymes called E3 
or ubiquitin ligases, is the transfer of ubiquitin from the conjugation system to the protein leading 
to polyubiquitination and targeting to the proteasome for degradation.“ 

By contrast in the autophagy/lysosome system, small ubiquitin-like molecules (LC3 and oth- 
ers) are transferred from the conjugation system to membranes for their growth and commitment 
to become a double membrane vesicle (autophagosome) that engulfs portions of cytoplasm. 
This reaction requires the recruitment and assembly of different components of the autophagy 
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machinery on phospholipids but only the ubiquitin-like components, such as LC3, are covalently 
bound to phosphatidylethanolamine.*”* This covalent bound occurs both on the outer and inner 
membranes of the autophagosome. Sequestered organelles and proteins are then docked to the 
lysosomes for their degradation. The fusion of the outer membrane of the autophagosome with 
the lysosomal membrane also triggers the degradation of the inner membrane and of the associated 
proteins. Thus, the main difference between the two systems is related to the fate of the ubiquitin 
and ubiquitin-like proteins. While the ubiquitin proteasome pathway recycles ubiquitin molecules, 
the autophagy-lysosome system progressively loses the ubiquitin-like proteins, forcing the cell to 
replenish them in order to maintain the autophagic flux. 


Modulators of Muscle Catabolic Pathways 

Key components of the ubiquitin and autophagy systems are transcriptionally upregulated 
during muscle wasting and their induction precedes muscle loss. However, it is unclear whether 
autophagy is detrimental, causing atrophy, or beneficial, promoting survival during catabolic con- 
ditions. Activation of the ubiquitin-proteasome pathway induces muscle atrophy associated with 
several pathologies. Several recent findings also suggest that excessive autophagy promotes severe 
wasting during denervation. Moreover, autophagy-lysosome and ubiquitin proteasome systems 
are coordinately regulated during muscle wasting,” in part through FoxO transcription factors. 
Transcription of autophagy related genes, such as LC3B and Bnip3, is mediated by FoxO3. In par- 
ticular, Bnip3 induces autophagosome formation and is responsible for the induction of autophagy 
by FoxO3. FoxO3 activates both the ubiquitin-proteasomal system and the autophagic/lysosomal 
pathway, but is able to control the two pathways independently. Protein breakdown via both the 
proteasome and lysosome is likely to proceed in a coordinated manner in the activation of muscle 
atrophy, in which the degradation of myofibrillar proteins via the proteasome proceeds in parallel 
with the disposal of mitochondria and sarcoplasmic reticulum membranes via the autophagic/İyso- 
somal pathway. Trancriptional targets of FoxO are the atrophy-related ubiquitin ligases atrogin-1/ 
MAFbx and MuRF-1. MuRF 1 interacts with titin, a giant sarcomeric protein.” Overexpression of 
MuRF1 disrupts the integrity of sarcomeric structure and alters the thick filament components, 
whereas overexpression of atrogin-1/MAFbx in myotubes produces atrophy. Notably, mice defi- 
cient in either MAFbx or MuRF1 are resistant to atrophy,” suggesting that MuRF 1 and atrogin-1/ 
MAFbxare potential targets for the development of appropriate strategies to reduces muscle atrophy 
and degeneration associated with the activation of ubiquitin-proteasome pathway. 

Other studies have shown that Cathepsin-L, a lysosomal protease that represents a critical 
marker of the catabolic pathway, is upregulated in different models of muscle vvasting.”””” The 
role of Cathepsin-L induction is still unclear, but recent evidence suggests that it may have a role 
in degradation that is independent of lysosomal function. Other components of the autophagy 
machinery are induced during muscle wasting and are involved in regulation of autophagy. Thus, 
under atrophic conditions, MuRF1 promotes degradation of myofibrillar proteins, whereas the 
autophagic pathway affects cellular organelles. 

Is the activation of autophagy machinery always detrimental? It has been recently demonstrated 
that inhibition of autophagy induces atrophy and myopathy in the skeletal muscle,” raising the 
hypothesis that the inhibition of autophagy might cause the aggregation of altered proteins and 
accumulation of abnormal organelles, which in turn would activate detrimental signals. These 
results suggest that the regulation of the proteolytic systems must be finely balanced. 

Another mechanism that is often altered in different atrophic and wasting conditions is the 
anti-oxidative defense through enzymatic destruction of accumulated reactive oxygen species 
(ROS). A direct role for oxidative stress on muscle catabolism was demonstrated in a novel 
transgenic mouse model expressing a mutant form of the SOD1 gene (SOD1G93A) under the 
transcriptional control of muscle-specific regulatory elements (MLC). The mice developed 
progressive muscle atrophy, associated with a significant reduction in muscle strength, alterations 
in the contractile apparatus and mitochondrial dysfunction. ROS accumulation in this model 
signaled the initiation of autophagy, one of the major intracellular degradation mechanisms and 
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Figure 1. Model of muscle atrophy through ROS production. ROS activates FoxO, NF«B and 
autophagic signalling. While FoxO modulates both atrogin-1/MAFbx and MuRF1, NFkB acts 
selectively on MuRF1. The action of FoxO is partly inhibited by PGC-1a, which also induces 
and coordinates gene expression that stimulates fiber-type switching and metabolic pathways, 
reflected in the shift from glycolytic to oxidative metabolism in atrophic muscle fibers. The 
NF«B pathway also increases cathepsin L that together with LC3 represents a critical marker 
of autophagy. 


a key determinant for the induction of muscle atrophy associated with SOD1 mutation, disclos- 
ing a novel molecular mechanism whereby oxidative stress triggers muscle atrophy. Accumulation 
of ROS also activated FoxO, which modulates both atrogin and MuRF1 and is partly inhibited 
by PGC-1a, a factor that is induced by oxidative stressors and that represents an important 
regulator of intracellular ROS levels (Fig. 1). In addition, ROS accumulation activated NFkB, 
which acts selectively on MuRF1 and also increases Cathepsin L. A critical role for autophagy in 
the promotion of muscle atrophy in this mouse model was disclosed by genetic manipulation of 
LC3; in vivo electroporation of siRNA against LC3 gene rescued the atrophic phenotype. These 
results pinpoint modulation of the autophagy pathway is a potential therapeutic intervention to 
counteract muscle atrophy associated with oxidative stress. 


Systemic Effectors of Muscle Atrophy 

Among hormones and cytokines that affect muscle homeostasis, glucocorticoids play a piv- 
otal role in muscle degeneration by stimulating proteolysis and inhibiting protein synthesis and 
are important factors in the development of muscle atrophy in various catabolic conditions.” 
Glucocorticoids also induce an increase in ubiquitin transcript levels” and enhance the conver- 
sion of amino acids to glucose in the liver. Glucocorticoid-stimulated muscle protein breakdown 
is therefore primarily mediated by ubiquitin-proteasome-dependent proteolysis, although 
calcium-dependent protein degradation may also be involved. In certain catabolic conditions, 
including sepsis, an interaction between glucocorticoids and proinflammatory cytokines is also 
implicated in the exacerbation of muscle protein breakdown. 

Several studies suggest that catabolism is mediated by factors that are connected with systemic 
inflammation. Many of the perturbations associated with cancer cachexia can be reproduced by the 
administration of proinflammatory cytokines, such as interleukin-1 (IL-1), interleukin-6 (IL-6), 
tumor necrosis factor-a. (TNF-a) and interferon-y (IFN-y).”°* Cytokines infused or injected into 
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animals decrease skeletal muscle protein mass through increased rates of protein degradation and 
decreased protein synthesis. In addition, TNF-a plays a pivotal role in inhibiting skeletal muscle 
differentiation, regeneration and inducing muscle vvasting.””” One hallmark of TNF signaling is 
the activation of NF«B, ubiquitous transcription factor normally inactive and sequestered in the 
cytoplasm through association with IB. A variety of stimuli, including TNF exposure, lead to 
the degradation of IB, allowing NFKB translocation to the nucleus. In parallel with the NFxB 
system, the transcription factor PW1 participates in the TNF-a signal transduction pathway.” 
More recent studies show that TNF-a inhibits muscle differentiation and induces muscle wasting 
through the activation of caspases and that these effects of TNF-a are dependent upon the pres- 
ence of PW 1 expression. Taken together, these observations suggest that systemic activation 
of specific catabolic factors underlies the pathogenesis of several skeletal muscle diseases, leading 
to muscle atrophy and wasting. 

IL-6 is an important cytokine involved in several pathologies characterized by a progressive 
loss of muscle tissue such as aging, cachexia and muscular dystrophy. Recent studies have demon- 
strated that IL-6 local infusion into tibialis anterior muscle of healthy rodents results in a decrease 
of muscle total and myofibrillar fraction protein content, contributing to the development of a 
strongly atrophic phenotype.” Interestingly, high circulating levels of IL-6 causes growth defects 
associated with a decrease in circulating IGF-I levels, indicating a possible interference with the 


IGF-1-anabolic pathway.”! 


Muscle Cytoskeletal Disorders and Atrophy 

The majority of muscle pathologies are characterized by the progressive loss of muscle tissue 
due to chronic degeneration combined with the inability of regeneration machinery to replace 
damaged myofibers. The molecular organization of muscle structure depends on cytoskeletal 
proteins, which play important roles not only in the maintenance of muscle integrity but also in 
the modulation of interacellular signal transduction pathways. 

‘The intricate molecular organization of cytoskeleton reflects the complexity of muscle types 
and the intimate relationship between structural integrity and mechanical function. The muscle 
cytoskeletal proteins can be subdivided in four major groups: the contractile sarcomeric, the 
intra-sarcomeric, the peri-sarcomeric and the sub-sarcolemmal proteins. The contractile sarcomeric 
cytoskeleton is composed of actin and myosin myofilaments and represents the functional core of 
muscle contraction. The intra-sarcomeric cystoskeleton comprises titin, nebulin, tropomyosin and 
actinin; the peri-sarcomeric cytoskeleton is composed of desmin-intermediate filament, whereas 
the sub-sarcolemmal cytoskeleton includes sarcolemma-associated protein, such as dystrophin, 
vinculin, integrins, o-actinin and ankyrin. Among the proteins that are associated with the plasma 
membrane, the dystrophin-glycoprotein complex (DGC) plays a critical role in the connection of 
the cytoskeleton of a muscle fiber to its surrounding extracellular matrix. 

Among pathologies leading to muscle wasting, muscular dystrophies are the ones that most 
severely compromise the functional performance of skeletal muscle fibers, by progressive weaken- 
ing in specific muscle groups, by persistent protein degradation and by cell-based alterations in 
regenerative capacity.””’? Mutations in genes encoding proteins of the dystrophin-glycoprotein 
complex (DGC) lead to alteration in muscle structure and cause muscular dystrophy.’*”6 The most 
common form of the disease is Duchenne muscular dystrophy (DMD) in which dystrophin gene 
is absent. Dystrophin is part of the DGC that connects the cytoskeleton of a muscle fiber to the 
surrounding extracellular matrix through the cell membrane. Without dystrophin, the DGC is 
unstable, leading to increase in muscle damage. Alterations of other components of the DGC and 
of the cytoskeleton are also linked to muscular dystrophy. For instance, mutations in the sarcogly- 
can complex,” laminin-2” and «7-integrin” genes display several phenotypic traits of muscular 
dystrophy, suggesting that loss of the link between extracellular matrix and cytoskeleton represents 
the critical parameter for the maintenance of the structural integrity of skeletal muscle. 

Recently, a new convergence between the biology of muscular dystrophy and muscle atrophy 
has been reported. It is known that Nitric Oxide (NO) signaling is dysregulated in muscular 
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dystrophy due to the disruption of the dystrophin glycoprotein complex (DGC), which anchors 
neuronal nitric oxide synthase (nNOS) to the plasma membrane: it has been recently shown that 
nNOS is similarly perturbed in a setting of skeletal muscle atrophy."" When it is not tethered from 
the DGC, as for example in hind-limb suspension that causes atrophy, the nNOS is free to enter 
the cellular compartment and to potentiate FoxO-mediated transcription and thus up regulate 
expression of the E3 ligases MAFbx and MuRF-1.*! Thus, muscular dystrophy is also associated 
with muscle atrophy and this could clarify why dystrophin is lost from the cell membrane under 
cancer associated cachexia, leading to atrophy.” 

In addition to their structural role, the cytoskeletal proteins function as mediators of several sig- 
nal transduction pathways, including those modulated by calcium. Calcium (Ca**) isan important 
intracellular messenger in muscle, controlling numerous cellular process including proliferation, 
cell growth, differentiation and apoptosis. ** All muscle fibers use Ca?" as their main regulatory 
and signaling molecule.* However in DMD the Ca” homeostasis results altered, suggesting that 
dystrophin, which contributes to muscle structural integrity, also regulates intracellular Ca** 
levels. In the absence of dystrophin, alterations in intracellular Ca2* may contribute to an imbal- 
ance between muscle protein synthesis and protein degradation, culminating in necrosis, fibrosis 
and shift in fiber content. 

Notably, alteration of Ca?“ signal may render skeletal muscle more susceptible to free radi- 
cal-induced injury, exacerbating the pathogenesis of different muscle diseases, such as muscular 


dystrophy and familiar amyotrophic lateral sclerosis (FALS).22568725 


Cellular and Molecular Bases of Muscle Repair 

The lack of regeneration of the muscle tissue is another serious complication in several patholo- 
gies, leading to the progression of muscle disease. In particular, the imbalance between muscle 
damage and muscle repair leads to a loss of muscle fibers and an increase in the amount of fibrosis, 
which compromises the functional and structural organization of skeletal muscle. 

Regeneration is a coordinate process in which several factors are sequentially activated to 
maintain and preserve tissue structure and function upon injured stimuli. Striated muscle is a 
postmitotic tissue and this limits its ability to repair or to regenerate. Although adult skeletal 
muscle is composed of fully differentiated fibers, it retains the capacity to regenerate in response 
to injury and to modify its contractile and metabolic properties in response to changing demand.”” 
Regeneration is therefore an important homeostatic process, which guarantees the maintenance 
of muscle integrity and plasticity. 

Muscle regeneration following injury involves three different phases: a local inflammatory 
response, infiltration of the injured area by blood borne cells and activation of satellite cells. The 
events that lead to an inflammatory response are characterized by recognition of the site of injury 
by inflammatory cells, specific recruitment of subpopulations of leukocytes into tissue, removal 
of the necrotic cells and repair of the site of injury with attempts to reestablish normal parenchy- 
mal, stromal and extracellular matrix relationships. It has been shown that chronic inflammatory 
response dominates the skeletal muscle molecular signature in dystrophin-deficient mdx mice.” In 
fact the inflammatory response contributes conspicuously to dystrophinopathies and exacerbates 
the clinical disease,?7?5101 Yet inflammation represents one of the early responses following normal 
muscle injury, leading to activation of muscle regeneration process (reviewed in ref. 102). 

Skeletal muscle retains a resident population of quiescent satellite cells, which are the major 
source of myogenic precursors in mammalian muscle regeneration. Satellite cells are of mesodermic 
origin and are found underneath the basal lamina of muscle fibers, closely juxtaposed to the plasma 
membrane. They represent 2-6% of all nuclei of a given muscle fiber. Satellite cells reside between 
the basal lamina and plasmalemma and are rapidly activated in response to appropriate stimuli. 
Once activated, satellite cells proliferate and up-regulate genes involved in the progression of cell 
cycle including DNA replication factors and in the commitment of the myogenic program such as 
Pax7 and MyoD."® Transition from cell proliferation to differentiation is characterized by expres- 
sion of several genes induced during skeletal muscle differentiation, including regulatory genes 
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myogenin and MRF4 and contractile proteins such as MyHC, actin, troponin and tropomyosins. 108 
However, their number decreases substantially during aging and in muscular dystrophy, 9515307 
leading to altered regenerative capacity of skeletal muscle. What it appeared clear in the last years 
is that in order to massively activate satellite cells the muscle should be injured by necrotic and 
not apoptotic stimuli. Indeed, a dystrophic muscle is able to activate satellite cells, although this 
activation is defective in the maturation process. In contrast, atrophic muscle, as for example that 
associated with aging, cachexia, ALS, heart failure, is not able to activate satellite cells, unless a 
local IGF-1 isoform is expressed,!% as discussed further, or the Notch pathway is activated.’ 

Although in recent years considerable evidence has been accumulated regarding muscle physio- 
pathology, it is still an open question what molecular mechanisms regulate the phenotypic changes 
leading to the pathological pattern of skeletal muscle atrophy. It is generally accepted that the primary 
cause of functional impairment in muscle is a cumulative failure to repair damage related to an overall 
decrease in anabolic processes. Aging, cancer, AIDS, heart failure and genetic myopathies are all 
characterized by alterations in metabolic and physiological parameters and the inability to regenerate 
and repair the injured muscle represents a serious complication in such pathologies. 

Despite theses limitations in our knowledge of basic mechanism, cumulative evidence suggests 
that manipulating appropriate pathways comprise promising therapeutic approaches in staving off 
advancing muscle weakness associated with aging, muscle pathologies and several other diseases. 
In this context several factors have been reported to have an effective role in the maintenance of 
muscle structure and in the promotion of muscle regeneration in different pathological conditions. 
Programs of muscle regeneration are naturally mediated through growth factors, hormones and 
cytokines, which are released from injured tissues. Hepatocyte growth factor (HGF) transform- 
ing-growth factor-$ (TGF-B) and fibroblast growth factor (FGF) each play important roles in the 
induction and modulation of the myogenic program during muscle regeneration.'!° 

More recently, one of the members of the TGF-f family, myostatin, has been described as a 
negative regulator of skeletal muscle mass and regeneration and is also involved in muscle wasting 
associated with muscular dystrophy.'!'1° It has been reported that inhibition of the myostatin 
product, a member of the TGF-f family, ameliorates the dystrophic phenotype in the mdx mouse 
model of DMD"*1!6""" and the sarcopenia in a mouse model of aging.'!* Administration of a my- 
ostatin-neutralizing antibody for three months resulted in an increase in muscle mass and strength 
with reduction in muscle degeneration.'!* Although with some disease-specific controversies, |!?!° 
these studies support the concept that prolonging of the regenerative potential of pathological 
muscle by treating the secondary symptoms of the disease, using agents that circumvent the gene 
replacement dilemma, represents an alternative strategy. 

Recent studies have also implicated NF-KB, a major pleiotropic transcription factor modulat- 
ing immune, inflammatory, cell survival and proliferative responses, in the modulation of muscle 
atrophy.'*! Targeted deletion of the activating kinase inhibitor of NF-«B kinase 2 (IKK2) resulted 
muscle-restricted NF-«B inhibition in mice, which shifted muscle fiber distribution and improved 
muscle force. In response to denervation, IKK2 depletion protected against atrophy, maintaining 
fiber type, size and strength, increasing protein synthesis and decreasing protein degradation. In 
response to muscle damage, IKK2 depletion facilitated skeletal muscle regeneration through en- 
hanced satellite cell activation and reduced fibrosis. As NF-«B signaling is an important modulator 
of muscle homeostasis, the potential benefits of NF-kB blockade in augmenting muscle performance 
raise exciting possibilities for therapeutic approaches in the treatment of muscular disorders and 
for the development of strategies to attenuate muscle vvasting./”? 

Other early events involved in the repair of injured muscle are triggered by cytokines. 
Localization of leukemia inhibitory factor (LIF) and inteleukin-6 (IL-6) are produced by diseases 
and regenerating skeletal muscle.125:127 In LIF knockout mice muscle regeneration is significantly 
reduced compared to control littermates.'*!”°'”” Interleukin- 15 (IL-15) has been found increased 
in the skeletal muscle during aging and unloading:'** IL-15 induction was interpreted as an at- 
tempt to counteract muscle mass loss in skeletal muscles upon atrophic stimuli.12° Interestingly, 
administration of the IL-10 gene by electrotransfer of naked DNA has anti-inflammatory effect 
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that is applicable to the treatment of rheumatoid arthritis.'”” Conversely, nitric oxide (NO) can 
function as an anti-inflammatory and cytoprotective molecule, preventing muscle membrane 
injury and accumulation of creatine kinase concentrations. Expression of a nitric oxide synthase 
transgene (NOS) ameliorated muscular dystrophy in mdx mice’ and elegant studies have unvealed 
the molecular targets of NO at the chromatin level in the frame of DMD."°"** 

Another signal that could be a potent stimulus for protein degradation by the ubiquitin-pro- 
teasome and autophagy-lysosome pathways is a decreased response to growth factors involved 
in the activation of survival pathways. Insulin-like growth factor-1 (IGF-1) has been impli- 
cated in many anabolic pathways in skeletal muscle, where it plays a central role during muscle 
regeneration.10%133-135 [GF-1 expression declines with age, which is associated with osteopenic 
and sarcopenic disorders, 3138 This decrement is likely to be causally linked to the progress of 
muscle atrophy in senescence, with upregulation of atrogin-1/MAFbx and MuRF1 levels,!” 
thereby limiting the ability of skeletal muscle tissue to sustain regeneration and repair. Asa result, 
considerable effort has been focused on IGF-1 as a promising target for therapeutic intervention. 
The following section reviews our current understanding of the IGF-1 signaling system, its role in 
muscle atrophy, wasting and regeneration. 


IGF-1 and Prevention of Muscle Atrophy 

Over three decades ago, it was discovered that growth hormone (GH) did not directly stimu- 
late the incorporation of sulfate into cartilage, but rather acted through a serum factor, which is 
predominately IGF-1 in adults. IGF-1 shares 62% homology with pro-insulin but mature IGF-1 
differs further from insulin by the retention of the C-domain and the extension of the A-domain 
to include an extra D-domain (Fig. 2). The IGF-1 gene also encodes for multiple precursor proteins 
with N- and C-terminal variability. 

IGF-1 is a secreted protein, with a blood half-life of less than 10 minutes and is usually stabi- 
lized by forming complexes with carrier proteins, the IGFBPs, which impose a complex level of 
regulation of IGF-1 bioavailability. IGF-1 actions are mediated through binding to its receptor, a 
heterotetrameric transmembrane glycoprotein complex belonging to the receptor tyrosine kinase 
family. The IGF-1 receptor is closely related to the insulin receptor but each has significantly dif- 
ferent affinities for its cognate ligand.'“° 

Studies on mice lacking the IGF-1 gene have shown that normal IGF-1 expression is critical for 
normal growth and tissue development: both pre and postnatally IGF-1 contributes more to the 
total body weight then GH alone (35% versus 14%). Mice deficient for IGF-1 have a birthweight 
of only 60% of that of their wild-type (wt) littermates and most of them die around birth due to 
respiratory failure. Depending on the genetic background only a small percentage survives until 
adulthood and adult IGF-1 KO mice are infertile and severely growth retarded, reaching only 30% 
of the normal adult body weight.'**!4 When the IGF-IR is genetically removed, mice are even 
more profoundly affected: the birthweight of IGF-1R KO animals is only 45% of that of their 
wt littermates and they all die immediately after birth because of respiratory failure. The essential 
role IGF-1 plays in somatic growth is also illustrated by the finding that one single-nucleotide 
polymorphism in the IGF-1 gene is responsible for the size difference between strains of small 
and large dogs.'” While these results firmly establish the importance of IGF-1 in somatic growth 
and its interplay with GH in this process, it remains unclear how the participation of endocrine, 
liver-derived IGF-1 was in the promotion of growth differs from the effects of locally produced, 
IGF-1 presumably acting in an auto- and paracrine fashion on tissues such as skeletal muscle. 


The Molecular Complexities of IGF-1 Transcription 

An impressive body of knowledge has been accumulated since the IGF-1 locus was first 
described, but surprisingly the potential diversity of roles played by different IGF-1 isoforms has 
only recently been appreciated. Although the IGF-1 gene is highly conserved in numerous species, 
its relatively large size (>70 kb) and its complex transcriptional and splicing pattern, have compli- 
cated analysis of its function. As its name implies, the IGF-1 mature protein is similar to insulin 
in structure, sharing a 50% amino acid identity. However, unlike the insulin gene, the single-copy 


220 Protein Metabolism and Homeostasis in Aging 


Mature IGF-1 
Exon 1 Í Exon 2 A Exon 3 Exon 4 Exon 5 Exon 6 
1 — 2— 
Signal peptides E peptides 


Class 1 IGF-1Ea 


Class 2 IGF-1Ea 


Class 2 IGF-1Eb 


Figure 2. Structure of the mammalian IGF-1 gene locus. The IGF-1 gene contains six exons that 
encode multiple isoforms, all of which include the core IGF-1 protein body (dark red boxes). 
Both exons 1 and 2 contain multiple transcription start sites (horizontal arrows). Exons 1, 2 and 
3 code for the signal peptide of precursor IGF-1 (orange boxes). Exons 5 and 6 each encode 
distinct portions of the E-peptides (pink and green boxes). Class 1 IGF-1Ea is also termed 
mlGF-1. A color version of this figure is available at www.landesbioscience.com/curie. 


IGF-1 gene locus encodes multiple propeptides with variable amino- and carboxy-terminal amino 
acid sequences. The amino acid sequence of mature IGF-1 differs from that of insulin by retention 
of the C peptide, by a short extension of the A chain to include a novel domain D and by the pres- 
ence of variable C-terminal E peptides. In mammals, these are encoded by six exons, separated by 
five introns (Fig. 2). Exons 1 and 2 encode distinct 5 “UTRs, as well as variable parts of the signal 
peptide, whereas Exon 3 encodes 27 amino acids that are part of the signal peptide and common 
to all isoforms, as well as part of the mature IGF-1 peptide. Exon 4 encodes the rest of the mature 
peptide and 16 amino acids of the amino-terminal region of the E-peptide, which is also common 
to all IGF-1 mRNAs. Exons 5 and 6 encode two distinct carboxy-terminal E-peptides and the 
3'UTR (Fig, 2). 

Although IGF-I transcripts are not exclusively tissue-restricted, those that initiate at Exon 2 
predominate in the liver, are highly growth hormone responsive and as such are considered major 
endocrine effectors of GH.! By contrast, transcripts initiating at Exon 1 are widely expressed in 
all tissues and according to some reports are less affected by circulating growth hormone levels, 
presumably performing autocrine or paracrine functions as well. The alternate splicing at the 5" 
ends of these two IGF-1 transcripts generates different signal peptides, which purportedly affects 
the precise N-terminal pro-peptide cleavage site.! The functions of the different signal peptides 
encoded by these transcripts are widely debated.“ Recent results from our laboratory suggest that 
proteins encoded by transcripts originating with Exon 2 are dispensable for maintaining normal 
circulating IGF-1 levels in vivo, as their depletion results in a concomitant upregulation of liver 
transcription from Exon1 (Temmerman and Rosenthal, ms. submitted). 
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Elucidation of IGF-1 isoform function is also complicated by alternate splicing at the 3” end of 
IGF-1 transcripts. This produces variability in the length and amino acid sequence of the E peptide 
and in the length and base sequence of the 3'U TR. To date, two prominent splice patterns have 
been documented in rodents (Fig. 2). Each generates E peptides with a common N-terminal 16 
aa sequence and alternate C-terminal sequences.'* If Exon 4 splices to Exon 6 (the predominant 
pattern), the length of the 3'UTR is highly variable, but in all cases the Ea peptide is generated with 
19 additional amino acids. If Exon 4 splices to Exon 5 and 6, a variant known as Eb is encoded, 
which is frameshifted relative to Exon 6 and therefore a different 25 aa sequence is added to the 
common 16 aa encoded by Exon 4. Although E peptide choice appears to be independent of 
promoter use, Eb-containing transcripts are more prevalent in liver than in other tissues, whereas 
Ea-containing transcripts are abundant and widespread. In the mouse, two N-linked glycosylation 
sites occur only in the Ea peptide, suggesting that this post-translational modification is involved 
in a biological action of the IGF-1 isoform." 

The determination of E peptide function and fate is still under investigation. It is unclear when 
or whether E peptides are cleaved from the mature IGF-1 protein. Recent cell culture studies where 
cells were transfected with IGF-1 isoforms lacking or including an E peptide suggest that whereas 
E peptides are not required for IGF-1 secretion, they may modulate cell entry of IGF-1 from the 
media.! After injury to skeletal muscle, the IGF-1Eb isoform is expressed initially, followed by 
an upsurge of the IGF-1Ea isoforms at later time points; the peak of IGF-1Eb transcripts coin- 
cides with satellite cell and myoblast proliferation, whereas of IGF-TEa mRNA is correlated with 
differentiation to mature myofibers (reviewed in refs. 145,148). Due to the increase in IGF-1Eb 
transcripts during muscle remodeling, IGF-1Eb gene products have been collectively referred to 
as mechano-growth factor (MGE). A synthetically manufactured peptide corresponding to the 
24 C-terminal residues of the Eb peptide has been prepared to promote cellular proliferation and 
survival, however, since an analogous peptide product has not been identified in cultured muscle 
cells or conditioned medium, nor animal tissues or biological fluids, the relevance of these find- 
ings in vivo remains unsubstantiated (reviewed in ref. 149). Notably, E peptide splicing patterns 
are different in the human gene,! an anomaly that will need to be considered in the future when 
translating the results of animal research into clinical applications. 


IGF-1 in Skeletal Muscle Growth, Disease and Wasting 

The fact that IGF-1 can act either as a circulating hormone or as a local growth factor requires 
careful experimental design to discriminate between these two roles. As an endocrine factor, 
the binding of IGF-1 to its receptor controls the hierarchy between the signals which mediate 
hypertrophy and those which mediate atrophy; IGF-1 signaling prevents expression of muscle 
atrophy-induced ubiquitin ligases atrogin 1/MAFbx and MuRF 1!” through the canonical PI3K/ 
Akt/mTOR pathway, which is known to attenuate atrophy.” 

Investigations into the paracrine functions of IGF-1 in skeletal muscle have been facilitated 
by generating transgenic mice expressing IGF-1 propeptides driven by skeletal muscle-restricted 
regulatory elements (MLC).10%144 These transgenes express as early as E9.5 days in embryonic mouse 
development and persist in the fastest Type Ib fibers. Transgenic animals expressing the IGF-1Ea 
isoform (termed mIGF-1) exhibited marked skeletal muscle hypertrophy with no undesirable 
side effects such as tumor formation. Over-expression of this isoform did not lead to an increase 
in circulating IGF-1 (in contrast to other transgenic mouse lines overexpressing mature IGF-1, 
151). The increased muscle mass in mIGF- 1 transgenic mice was associated with augmented force 
generation compared to age-matched wild type littermates. "5 Examination of two year-old animals 
revealed that whereas wild type mice underwent characteristic muscle atrophy, expression of the 
mIGF-1 transgene was protective against normal loss of muscle mass during senescence. These 
studies implicate mIGF-1 as a powerful enhancer of muscle repair, modulating the inflammatory 
response, 55 which plays an important role in the regenerative process (reviewed in ref. 102). 

Studies on the downstream effectors of IGF-1 transgenes have also implicated a naturally 
occurring splicing variant of the calcineurin A(CnA) catalytic subunit (CnA1) in which the 
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autoinhibitory domain that controls enzyme activation is replaced with a unique C-terminal 
region. The CnA1 enzyme is constitutively active and dephosphorylates its NFAT target in 
a eyclosporine-resistant manner.'* CnA1 is highly expressed in proliferating myoblasts and 
regenerating skeletal muscle fibers and is activated by both IGF-1Ea (mIGF-1) and IGF-1Eb 
isoforms. In myoblasts, CnA1 knockdown results in the activation of FoxO-regulated genes, 
reduces proliferation and induces myoblast differentiation. Conversely, CnA1 overexpression 
inhibits FoxO and prevents myotube atrophy. Supplemental CnAB1 transgene expression in 
skeletal muscle led to enhanced regeneration, reduced scar formation and accelerated resolution 
ofinflammation./” This unique mode of action distinguishes the CnAP 1 isoform as potent effec- 
tor of IGF-1 action and a candidate for interventional strategies in muscle wasting treatment. 

In accelerating the repair of injured skeletal muscle in transgenic mice, expression of 
muscle-specific IGF-1 transgenes preserves the regenerative capacity of muscle tissues by stimu- 
lating both the activity of satellite cells and the recruitment of circulating stem cells. 5555 In 
addition, local expression of mIGF-1 increases recruitment of proliferating bone marrow cells 
to injured muscles, accompanied by elevated bone marrow stem cell production in response to 
distal trauma. Correspondingly, increased cell populations expressing stem cell markers were 
found in regenerating mIGF-1 transgenic muscles, which exhibited accelerated myogenic dif- 
ferentiation, expressed markers of regeneration and readily converted cocultured bone marrow 
to muscle.!¥ 

To test whether mIGF-1 can prevent or diminish muscle loss associated with diseases, mIGF-1 
was introduced into the mdx dystrophic animals by crossing the two lines (mdx/mIGF-1).!*4 
Measurement of muscle morphology and function in transgenic mdx/mIGF-1 mice revealed 
significant improvement in muscle mass and strength, a decrease in myonecrosis and a reduction 
in fibrosis in aged diaphragms. In addition, signaling pathways associated with muscle regenera- 
tion and protection against apoptosis were significantly elevated in mIGF-1/mdx mouse muscles. 
Importantly, a net decrease in fibrosis in diaphragms of the mdx/mIGF-1 mice was observed, sug- 
gesting that the efficient and rapid repair of the mdx/mIGF-1 muscles prevents the establishment 
ofan environment into which the fibroblasts migrate. This is of particular relevance to the human 
dystrophic condition where virtually all skeletal muscles succumb to fibrosis. 

Elevated muscle wasting is a common complication of advanced congestive heart failure 
and an important predictor of poor outcome in heart failure patients. Metabolic abnormalities 
that develop during congestive heart failure lead to progressive catabolism with decrements in 
the skeletal musculature that result in muscle atrophy. In experimental mouse model of chronic 
left ventricular dysfunction, skeletal muscle atrophy developed in wildtype mice 12 weeks fol- 
lowing myocardial infarction accompanied by an increase in total protein ubiquitination and 
enhanced proteasome activity, activation of FoxO transcription factors and robust induction 
of atrogin-1/MAFbx.’” Further studies identified skeletal muscle myosin as a specific target 
of ubiquitin-mediated degradation in muscle atrophy. When heart failure was induced in an 
MLC/mIGF-1 transgenic background, muscle atrophy was blocked, accompanied by skeletal 
muscle de-activation primarily of FoxO4 and reduced expression of atrogin-1/MAFbx. Thus 
mIGF-1 supplementation acts as a blockade of the ubiquitin-proteasome pathway in skeletal 
muscle atrophy that is produced secondarily in response to chronic disease. 

Heart failure can be experimentally induced in mice by angiotensin II administration. 
Targeting a critical downstream signal pathway involved in muscle wasting, angiotensin II in- 
volves suppression of IGF-1 signaling via the Akt/mTOR/p708S€K pathway that leads to muscle 
proteolysis via caspase-3 activation, actin cleavage, stimulation of ubiquitinization and increased 
apoptosis. These changes were abrogated in angiotensin [-infused MLC/mIGF-1 transgenic 
mice, suggesting that angiotensin II downregulation of IGF-1 in wildtype skeletal muscle is 
causally related to angiotensin II-induced wasting.'** Because the renin-angiotensin system is 
activated in many catabolic conditions, these findings have broad implications for understanding 
mechanisms of skeletal muscle wasting and provide new avenues for therapeutic approaches. 
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IGF-1 Isoforms in Therapeutic Applications 

The importance of IGF-1 isoform structure is further underscored by comparative studies 
of muscle-specific expression of different isoforms in transgenic mice. Analysis of mouse lines 
generated with an IGF-1 cDNA lacking an E peptide did not display muscle hypertrophy or 
increased regenerative capacity but had increased levels of circulating IGF-1'>' suggesting that 
E peptides may be critical for local sequestration and action of IGF-1 expressed in extrahepatic 
tissues. This conclusion was confirmed in a more recent study ”” in which viral administration of 
IGF-1Ea, IGF-1Eb and mature IGF-1 lacking an E-peptide extension to young murine muscles 
revealed gene expression changes that were driven by increased IGF-I regardless of the presence 
of E-peptide. In contrast, distinct expression patterns were observed after viral delivery of IGF-1 
constructs containing an E peptide, which also produced a hypertrophic response lacking in the 
mature IGF-1 infection. Notably, although both prominent IGF-1 isoforms are capable of enhanc- 
ing regeneration as muscle-specific transgenes, only the IGF-1Ea isoform (mIGF-1) can induce 
hypertrophy and protect against atrophy.'** Furthermore, mIGF-1 induces phosphorylation of 
phosphoinositide-dependent protein kinase 1 (PDK1) rather than the canonical Akt,” whereas 
increased Akt phosporylation was noted in transgenic mice expressing IGF-1 isoforms including 
the Eb extension peptide. A schematic representation summarizing current information on IGF-1 
isoforms action during muscle regeneration is shown in Figure 3. 

Taken together, these studies show that the choice of isoform is critical to the design of gene 
therapeutic strategies employing IGF-1 for countering muscle atrophy and suggest that at least 
the IGF-1Ea (mIGF-1) isoform is capable of promoting muscle regenerative capacity and as well 
as preventing muscle necrosis and could therefore be an effective treatment for muscle loss in 
aging and disease. 


IGF-1: Regenerator or Tumour Promoter? 

Substantial evidence supports the involvement of IGF-1 in mitogenesis and neoplastic 
transformation as well as in tissue repair,”” suggesting that this growth factor plays an important 
role in the process of tumor promotion. The MAP kinase pathway is considered to be the main 
pathway involved in IGF-1 mediated stimulation of cell proliferation, mediated by the Type 1 
IGF-receptor, which sequentially activates mitogen-activated-protein kinase kinase (MAPKK) and 
a whole family of MAP kinases among which extracellular regulated kinases 1 and 2 (Erk1/2).' 
MAP kinases are thought to phosphorylate transcription factors that can induce expression of 
genes involved in cell cycle progression. 

Although the neoplastic potential of mature IGF-1 is an obvious concern to be taken into ac- 
count when designing therapeutic strategies for human muscle pathologies, the lack of tumors in 
any of the muscle-specific transgenic IGF-1 mouse lines to date suggest that delivery of isoform 
propeptides specifically to skeletal muscle is likely to activate intracellular different pathways that 
promote survival and cell replacement rather than uncontrolled proliferation. Indeed, increased 
phosphorylation of (PDK1), the mammalian that sits both upstream and downstream of rapamycin 
(mTOR) and p70 S6 kinase (p70S6K) were documented in the hypertrophic muscle of MLC/ 
mIGF-1 mice, without a significant change in Akt phosphorylation’® (Fig. 3). Reduced phosphory- 
lation of MAP kinase kinase 1 and 2 (MEK 1/2) and mitogen-activated protein kinase kinases 3 and 
6 (MKK3/6) were also observed in muscle from transgenic mice, suggesting that the hypertrophic 
and mitogenic effects of IGF-I are mediated via distinct signaling pathways in skeletal muscle and 
that inhibition of the MAPkinase pathway may be required for the IGF-I-induced hypertrophic 
effect.” This is an important distinction that may encourage more widespread clinical applications 
of IGF-1, many of which have been proposed but few have proceeded to human trials. 


Gene and Cell Therapies to Rescue Muscle Atrophy and Wasting 

The complexity of muscle types, the intimate relationship between structural integrity and 
mechanical function and the sensitivity of skeletal muscle to metabolic perturbations have impeded 
rapid progress in successful clinical interventions in muscle atrophy. Gene and stem cell therapy 
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Figure 3. Schematic representation of proposed signaling pathways induced by IGF-1 isoforms 
during muscle regeneration. In response to traumatic muscle injury, IGF-Eb isoforms are tran- 
siently induced, followed by increase in |GF-1Ea isoform levels after 2-3 days. Downregulation 
of inflammatory signals (such as NF-kB) through the action of CnAb1 is accompanied by a 
shift from Akt- to PDK1-mediated signaling. IGF-TEa isoforms also activate AMPK, a fuel gauge 
for the cell and downregulate inducers of muscle atrophy through phosphorylation of FoxO 
factors. Supporting data discussed in the text. 


represent two promising tools to attenuate the genetic and somatic diseases leading to muscle wast- 
ing, although both involve significant hurdles still to overcome. Gene therapy relies on either viral 
or nonviral vectors to deliver target genes into somatic adult cells. Systemic viral infection of the 
skeletal muscle system has been achieved in mouse models, but has yet to be translated to human 
system and nonviral vectors present limitations due to vector instability once delivered into the 
recipient cells. Cell therapy, which relies on either committed cells or stem cells, also suffers from 
insufficient persistence of cells in the foreign milieu. Here we will briefly review current gene and 
stem cell therapies strategies aiming at counteracting muscle atrophy and wasting. 


Gene Therapy 

‘The effective delivery of genes encoding diffusible or paracrine effectors that participate in the 
prevention of muscle catabolism is a promising avenue for the attenuation of muscle wasting in 
a clinical setting. In order to be effective, vector-mediated gene therapy must satisfy four major 
parameters: the vectors should have capacity to carry large target genes, must be cheaply produced 
in large quantity, must produce low immune-response and must be stably expressed. For muscle 
pathologies as DMD the effort to progress toward an effective gene therapy has been limited by 
the restriction of viral vectors that can carry the full-length dystrophin gene and delivery into all 
muscles of the body.!#1-165 

Among several viral vectors currently being tested, adenovirus has been used for several 
pioneer studies since its carrying capacity is large enough to hold the 14-kb dystrophin gene 
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and it has the ability to infect nondividing cells. Nevertheless, adenovirus presents limitations 
for an efficient gene therapy since it does not integrate into the host DNA and therefore it is 
not stable and can elicit severe or lethal immune response in humans. In contrast, retrovirus and 
adeno-associated-virus (AAV) vectors have the ability to integrate the genetic material into the 
DNA of infected cell. While retroviral vectors can infect only cycling cells, AAV can transduce 
postmitotic cells, such as muscle fibers, although it cannot package the full-length dystrophin 
gene. Lentiviral vectors have been increasingly used to efficiently deliver genes to postmitotic 
cell types offering long-term expression, can be generated in high titers and do not induce 
immunological complications.’ For instance, in a mouse model of spinal muscular atrophy 
(SMA), a recessive autosomal disorder caused by mutations or deletion of the telomeric copy 
of the survival motor neuron (SMN) gene, it was shown that injections of a lentiviral vector 
expressing SMN in various muscles of SMA mice restored SMN to motor neurons and reduced 
motor neuron death.!® 

A significant obstacle to designing effective vector mediated replacement gene therapy for 
myopathies is the necessity to infect the entire musculature, a problem that cannot easily be over- 
come unless more systemic delivery systems are developed. Alternative strategies to attenuate the 
progressive skeletal muscle wasting associated with DMD, cancer, AIDS are actively being pursued. 
Non viral-vectors currently present an attractive alternative, reducing or eliminating immune 
response and recent advances in gene delivery to muscle promise to overcome limitations due to 
the instability of naked DNA once delivered into the recipient cells.1°'” 

‘The anti-atrophic actions of IGF-1 in skeletal muscle have also been explored in a therapeutically 
relevant setting. Local delivery of mIGF-1 to individual 27 month old mouse muscles by 
AAV-mediated gene transfer reversed the age-related reduction in force production and loss of 
fast fibers, all of which are typical of aging skeletal muscle.' Young adult muscles receiving virally 
delivered IGF-1 exhibited muscle hypertrophy, while the functional properties of old muscles in- 
jected with the IGF-1 virus exhibited the same mechanical force as legs of younger mice. Changes 
in muscle mass and cross sectional area of mIGF-1 injected muscles also translated into increased 
force production. This further demonstrates that the anti-atrophic action of mIGF-1 is not 
dependent on life-long expression and as such represents a potentially effective gene therapeutic 
strategy to combat muscle wasting. 

How do IGF-1 isoforms differ in their capacity to promote muscle growth and repair? Infections 
of mouse skeletal muscle with AAV-based IGF-1 expression vectors have revealed that in young 
animals, IGF-1Eb produced more protein than IGF-1Ea (mIGF- 1) yet comparable levels of hyper- 
trophy were observed with both isoforms.! The situation changed in older animals (6 months), 
where only IGF-1Ea expressing viruses produced significant increases in muscle size, despite equal 
expression of both isoforms. Whether the bioavailability of the IGF-1Eb isoform or its receptor 
affinity diminishes with age remains to be determined, but this distinction is particularly relevant 
to therapies directed towards the prevention of age-related loss of muscle size and strength. 


Cell Therapy 


A promising line of research to ameliorate muscle tissue regeneration focuses on the charac- 
terization of quiescent satellite cells. Substantial effort has been done to optimize, the isolation, 
the activation and the transplantation potential of SC cells and encouraging results have been 
obtained in the mdx mouse model and in several preclinical studies.!9 On the therapeutic side, 
a major hurdle remains that SC cells do not cross the endothelial wall making systemic delivery 
impossible. 

Myoblast cell therapy has also been extensively explored as a promising alternative to correct 
genetic diseases by contributing to tissue regeneration. Replacement of diseased muscles with 
healthy and functional muscle fibers, has long been a major therapeutic strategy for muscular 
dystrophies.'!”' However, the failure of injected committed cells to survive in the recipient animals 
and successfully engraft within their target organs has proven disappointing. The poor survival of 
injected cells (less than 1%), minimal migration from injection site (1 mm) and rapid senescence 
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of the surviving population, has failed to produce satisfactory protocols of muscle regeneration 
that might be considered for therapeutic purposes. 

Several lines of research have been involved to increase the survival of injected myoblasts. 
One of these implicates immunosuppression of the host: myoblast death observed at 3 days after 
transplantation was significantly reduced when the hosts were irradiated, suggesting that modifica- 
tion of the host cell environment were contributing to this phenomenon./” In addition, efficient 
myoblast transplantation was achieved in mice that were immunosuppressed with monoclonal 
antibodies against CD8, CD4and CTLA4 Ig.'” The authors postulated that neutrophils mediate 
myoblast mortality by a leucocyte function-associated antigen-1 (LFA-1)-dependent mechanism. 
Other studies reported that immunosuppression with FK506 insures good success of myoblast 
transplantation in mdx mice and in nonhuman primates.'”*"'”° In the last two decades, several clini- 
cal trials of myoblast transplantation have been performed in DMD patients, in presence or not 
of immunosuppressive drugs and with rather positive outcomes.'” In general, modulation of the 
inflammatory reaction to foreign cells is emerging as a necessary prerequisite for effective clinical 
applications of myoblast transplantation. Thus, integrating gene and cell therapy approaches may 
circumvent the major problem associated with the survival of transplanted cells, enhancing cell 
engraftment and improving muscle regeneration. 

The identification of multi-potent stem cells residing in extra-hematopoietic adult tissues has 
offered new perspectives in cell-mediated therapy for genetic diseases and muscle regeneration. 
Different subpopulations of haematopoietic CD 133* stem cells (HSC), reside in the muscle beds 
of non-injured animals!” and more migrate into sites of injury, suggesting a mechanism by which 
damaged tissues are repaired.'*!”? However this seems a rare event and presents limitations for 
efficient tissue repair. It is likely that poor recruitment of HSC into the dystrophic muscle of the 
mdx mouse and the low frequency of the myogenic potency of HSC may be the major obstacle 
for muscle regeneration and rescue of the genetic disease.105.180 

Mobilization of HSC from the bone marrow into the circulation is increasingly used for 
other clinical applications; however HSC participation in normal regeneration processes is not 
yet proven. Local commitment of these cells to myogenesis and replenishment the satellite cell 
compartment has been proposed as a potential route to improved response to injury;!š! alterna- 
tively, they may fuse directly into regenerating muscle fibers.'**!** However, in all animal studies 
to date, it has been necessary to replace host bone marrow with marked progenitor cells to prove 
their provenance. This experimental manipulation inevitably involves lethal irradiation of the host 
animal, a necessary prerequisite for bone marrow engraftment into injured muscle.'* In any case, 
the total number of bone marrow stem cells recruited to a muscle fate in these studies appears still 
insufficient to be of therapeutic benefit.''* 


Conclusion 

In this chapter we review various aspects of myocyte growth, regeneration and survival tactics, 
which may prove useful for devising therapeutic strategies to combat muscle atrophy. Although 
stem cell therapy has not yet solved the major problem related to cell transplantation, namely the 
capacity to survive and to improve muscle regeneration, recent studies are beginning to elucidate 
the signals and mechanisms whereby regenerating muscle recruits circulating cells to sites of injury 
or degeneration. These cells need not be stem cells as long as they maintain sufficient plasticity 
to participate in muscle repair, either by rebuilding the damaged tissue or by instructing resident 
precursors. Research is now directed at identifying the optimal progenitor cell type for this purpose, 
at enhancing the recruitment of the patient’s own reserves or transplanted cells to damaged muscle. 
Such cells could also be used to deliver genes that replace missing functions or counter degenerative 
processes, a promising avenue for designing future therapies of muscle wasting. 

Blocking proteolytic pathways or inducing muscle compensatory growth or stem cell 
incorporation with pharmacological intervention will require an ever more detailed knowledge 
of the signaling mechanisms involved. The extent to which blocking or enhancing these pathways 
will be detrimental to other physiological parameters such as motor innervation remains to be 
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seen. Although many pathway components constitute attractive therapies for the muscle atrophic 
phenotype in animal models, these applications cannot yet be directly applied to human clinical 
trials. Precautions must be taken before these agents are used to manipulate signaling in different 
muscle conditions, to ensure the specificity of the existing molecules. In addition, long-range 
pharmacological stimulation or inhibition of signaling raises serious concerns about the effects 
on other body systems. Different muscle wasting conditions might require specific manipulations 
in a more cell-type- restricted way. Finally, the potential feedback between skeletal muscle and 
other tissue types such as heart, adipose tissue and bone is a major aspect of physiology that merits 
consideration and which will undoubtedly play an important role in preventing muscle atrophy 
in the context of the clinic. 
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CHAPTER 16 


Confronting Cellular Heterogeneity 
in Studies of Protein Metabolism 
and Homeostasis in Aging Research 


Louise Boisen and Peter Kristensen* 


Abstract 

n this chapter we review the different technologies that can be applied in the analysis of protein 
[ens and metabolism in aging research. Special focus will be on technologies with a 

potential to circumvent the problems associated with cell heterogeneity in biomarker discovery. 
Often studies aimed at increasing our understanding of cellular senescence take advantage of model 
systems. This can be in the form of cell culture, where specific cell lines are cultivated, thus undergo- 
ing cellular senescence according to the Hayflick phenomenon. ' Alternatively, model organisms 
can be included, such as yeast, nematodes and zebra fish.2° Even though such model systems allow 
the researcher to control many parameters of the system, it is well established that even in a simple 
cell culture system the individual cells are morphologically and functionally different. 

"The heterogeneity observed even within the least complex systems, makes it a difficult task to 
identify biomarkers of cellular senescence and to fully understand the various molecular networks. 
The complexity is further increased when taking the step from model systems of aging to human 


aging. 


Analysing Aging 

The aim of many studies of cellular senescence is to increase our understanding of human aging. 
However, it still remains to be determined to what extent cellular senescence will lead to human 
aging. While the number of senescent cells increase, in the human as a consequence of advanced 
age, the number of senescent cells is still limited even at extreme age.” 

While the influence of cellular senescence on human aging is still not fully understood, it is 
evident that the physiological signs of aging occur at all levels of the organism and no part of the 
body can be said to be exempt from the effects of aging. The aging phenotype is evident in the 
greying of hair, wrinkling of skin, redistribution of body fat, fragility of bones, general slowness of 
movement and increase in frailty, which is often accompanied by various disorders like arthritis, 
hypertension, dementia and cancers. The aging phenotype is the sum of many individual contribu- 
tions from the different organs and tissues, but, ultimately, aging of the body originates from the 
cells and molecules that make up the organism and their interplay with the surroundings. 

Based on this, it becomes evident that an examination of the molecular building blocks will 
lead to an understanding of the changes that eventually result in the aging phenotype. 
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The central dogma of molecular biology states that the flow of information is carried from the 
heritable material to the active components of the cells via a messenger system.’ Although simple 
at first sight, today we know that complexity is the underlying theme in biological systems. 

Today large initiatives aim to establish what role the genetic component plays in healthy hu- 
man aging.® While the genome and the regulation of individual genes certainly play a great role in 
many human diseases and we can learn a great deal about the possible age related effects of a given 
cell by studying the genome, we need to complement such studies by studies of the functional 
components of the cell, the proteins. Again the complexity of the aging process and the effects on 
protein homeostasis and metabolism necessitates large scale initiatives. 

A single gene can give rise to several alternatively spliced mRNAs that can be translated into 
similar, but distinct, proteins. A single mRNA can be translated numerous times or perhaps just 
once, depending in part on its stability. After translation, the protein product can be further 
modified in a number of ways. Therefore, the linkage between the genome and cellular function 
is complex and multiple genome- or transcriptome- based analyses have revealed that genes that 
are completely turned on or off during aging are exceedingly rare. This fact negates the value of 
genomic and transcriptomic approaches in this context (Kristensen et al, 2000). Conversely, 
proteomics is the study of the protein universe of the cell. It is by studying protein function and 
interactions we can come to a real understanding of what goes on in the cell. 

Traditional proteomic approaches have relied heavily on 2D-PAGE”"” (two-dimensional poly- 
acrylamide gel electrophoresis) and more recently 2D-DIGE" (two-dimensional fluorescence dif- 
ference gel electrophoresis) analysis platforms to investigate changes occurring to the proteome in 
different circumstances, such as aging. In 2D-PAGE, proteins are initially separated in a pH-gradient 
according to their isoelectric point, followed by separation according to their molecular weight. This 
technique makes it possible to separate thousands of proteins on one gel, thus greatly enhancing 
the possible resolution of a protein sample. The separated proteins can be excised from the gel and 
identified using mass spectrometry (MS), which identifies proteins based on their specific breakdown 
patterns. Typically, the protein to be identified is enzymatically digested in the gel and the resulting 
peptides ionised and analysed using techniques suchas electrospray ionisation (ESI) or matrix-assisted 
laser desorption ionisation time of flight (MALDI-TOF). The identified peptides are then matched 
with a database and the protein identified.” Theoretically, this approach can lead to the identification 
of thousands of proteins, although in practice the number is much lower. 

Several research groups have used 2D-PAGE to analyse proteomic changes happening with 
age in various organs and cultured cells. For example, it was reported that the hearts of young and 
old mice showed changes in protein expression and that several of these changes were found in 
the mitochondria, which may suggest that dysfunctional mitochondria could contribute to car- 
diac aging.'* Altered mitochondrial protein expression was identified in skeletal muscle of aging 
rats as well, but closer examination revealed that the observed changes most likely represented 
an adaptation to the increasing oxidative stress observed during aging rather than a failure of 
the mitochondria.'* Accordingly, several proteins associated with oxidative stress were found to 
be up-regulated with age in skin biopsies from young and old human donors.” Also proteomic 
profiling of cultured cells has revealed changes in protein expression with senescence, which for 
human umbilical vein endothelial cells have included alterations in proteins involved in structural 
integrity of the cytoskeleton and nucleus, as well as proteins involved in protein processing and 
cellular repair processes.'*!” Even though 2D-gel based approaches can lead to the identification of 
numerous proteins and changes in protein expression, certain limitations exist, most notably the 
inability to reach a single cell level of analysis when confronted with sample heterogeneity. 

Improved sensitivity can be achieved using new techniques that bypass 2D-PAGE and today it is 
possible to analyse an entire, complex sample with the help of sophisticated chromatography-coupled 
MS machinery.'* Advances in software development and technology are continuous and, most 
likely, gel-free and label-free differential proteomic analyses will play a greater role in the discovery 
of biomarkers in the future.!?! 
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‘The traditional 2D-gel and MS based proteomics approaches are very powerful in the large-scale 
identification of possible changes in abundance or modification pattern of proteins. However, 
typically the sensitivity of the methods, especially 2D-PAGE, dictates that a large number of cells 
is sampled together. As for, example, senescent cells only constitute a small fraction of a given 
sample, this most probably results in interesting biomarkers being overlooked. 

The traditional proteomic approaches are unsurpassed in their ability to provide global over- 
views of the proteomic profile but deciphering the functional significance of the results can be 
problematic. Conversely, phage display is a very good tool for the analysis of protein function but 
the entire pattern of changes when comparing two samples will seldom be achievable. Consequently, 
when embarking on a biomarker quest one should consider whether functional significance is more 
important than complete coverage or vice versa. Below we will describe various applications of the 
phage display technology for biomarker identification. As this is a fairly new field in the study of 
protein metabolism and homestatis in aging research, most examples are taken from the cancer 


field; however, the methods described should be applicable in aging research. 


Antibody Phage Display as a Discovery Tool 

Antibody phage display was originally described by John McCafferty and coworkers.” The 
technology involves fusing libraries of antibody fragments” to the surface of filamentous bacte- 
riophage, which allows for selection of specific antibodies against a target of interest. Traditionally, 
antibody phage technology has been used to select antibodies against well-defined targets that are 
non-immunogenic, self-antigens, toxic or otherwise problematic to raise traditional monoclonal 
antibodies against. Compared to hybridoma technology, the phage antibody technology provides 
some unique possibilities for generating antibodies, as will be described below. While traditional 
antibody technology often provides better reagents for biochemical analysis, the phage display 
technology is superior with respect to being applied as a discovery tool, for example to find new 
biomarkers for certain diseases or in the field of aging. 

Different formats of antibodies can be displayed on phage. Full-size immunoglobulins (Ig) are 
very large and complex and difficult to express in bacteria and, thus, difficult to display on phage. 
Therefore, various fragmented antibody formats have been developed and used for fusion to the 
different phage coat proteins.” 


Antibody Libraries 

Just as researchers can choose a specific antibody format to work with, there is also a choice 
between different types of antibody libraries. Generally speaking, libraries can be immune, naive 
or synthetic. Immune libraries were the first to be described and are created using B-cells isolated 
from various lymphoid sources from an immunised donor. The rearranged antibody genes are 
cloned into an appropriate vector creating a library with antibody specificities biased towards 
the immunising agent.” Immunised libraries can harbour high affinity antibodies against the 
desired target, but the use of them requires a new library to be created for each new target and 
the target must be immunogenic but not acutely toxic. Additionally, the use of human donors 
raises several ethical concerns and limitations as the active immunisation of a human being is 
ethically impossible. However, immune libraries can be constructed from passively immunised 
donors. To obviate the need for the construction of new libraries to each experiment, librar- 
ies from non-immunised donors have been created. These repertoires are the so-called naive 
libraries and are cloned from the IgM mRNA isolated from B-cells of non-immunized donors.” 
These libraries are not biased against any particular antigen and it is even possible to isolate 
antibodies against self-antigens. The final class of libraries are the synthetic libraries, which 
are constructed entirely in vitro. These libraries are constructed by artificial combination of V 
genes with D and J segments randomised to varying degrees.”” Problems with nonfunctional 
antibodies can be minimised by carefully designing which gene segments should be included 
and where and to what extent randomisation should occur, as described in the design of the 


HuCAL library principle.” 
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Antibody Selection against Complex Antigens 

Traditional selection of phage-displayed antibodies against a defined target involves coating 
of immunotubes with the purified target protein. Through one or more rounds of affinity selec- 
tion, or bio-panning, antibodies binding to the immobilised target are retained, while unbound 
phage is washed away. This procedure is fairly simple and works well with most purified proteins. 
Multiple alternatives for passive absorption of the antigen to the plastic surface of an immunotube 
have been devised in the past 20 years. By avoiding adsorption, normally the antigen is kept in a 
more native like conformation and often better control of the actual amount of antigen used in 
selection is obtained.””*! In the following sections, we will summarise some of the strategies used 
when working with complex antigens, especially in the form of whole cells. 


Selection of Antibodies against Low Abundance Proteins 

When phage display of antibodies is applied as a discovery tool to find differentially expressed 
or differentially modified antigens, the selection has to be performed on a complex proteins 
mixture either presented on the cell surface of whole intact cells or on extracts of proteins from, 
for example, the cytoplasm. In such situations the protein composition varies greatly and not all 
the components will be present in equal amounts, some will be dominating and others will be 
present only in minute quantities. This complexity causes difficulties for the discovery process, 
where low-abundant proteins may be at least as interesting in the search for novel targets as more 
dominating proteins in the mix. 

The traditional, multiple rounds of bio-panning procedure will always enrich high-affinity 
antibodies against abundant proteins at the expense of antibodies of moderate affinity as well as 
antibodies against non-abundant proteins, which will be removed during washing steps or possibly 
in the amplification procedure. This loss of diversity presents a major problem in the discovery 
process and there have been different attempts to minimise the problem. One of the most popular 
strategies has been to use depletion techniques, where the phage library is pre-incubated with the 
unwanted antigen(s) or an irrelevant cell type.** In general, pre-adsorption is going to be most 
efficient when high-affinity antibodies against abundant antigens are to be removed. Because of 
binding kinetics, the chances of removing low affinity antibodies and antibodies against antigens 
that are difficult to access (either because of low copy number on the cell surface or because of 
steric hindrance) are quite low.* Additionally, there will be a risk of actually depleting the library of 
desired binders because of unspecific binding to the adsorbing cells.*4 Furthermore, if a phagemid 
library rescued by a wild-type helper phage is used, a large proportion of the phages in the library at 
any one time will not display any fusion protein and will, therefore, not be specifically depleted.***” 
As such, nondisplaying phages are not depleted but will be propagated and in the next round of 
selection they will present antibodies, which optimally should have been depleted in the initial 
round. This renders the preselection fruitless, unless it is performed in every single round of selec- 
tion just before the actual selection (i-e., no amplification step in between). 

An alternative approach, which in addition will assure a high diversity of binders to be retained, 
is to minimise the number of selection rounds, preferably to one. One of the most significant con- 
tributing factors that previously made selection in one round problematic is the fact that the phage 
particle is a very large and extremely sticky assembly of proteins, therefore nonspecific binding 
is often observed. To diminish unspecific background, specific elution has been used, where the 
phages binding the antigen of interest were eluted using an excess of antigen or another antibody 
directed against the target.383% The obvious drawback of this approach is the necessity of knowing 
the identity of the antigen, making specific elution problematic in a discovery setting. Another 
option is to render the majority of background phage non-infective, which can be achieved by the 
use of a protease cleavable helper phage, such as the one developed by Kristensen and Winter.** 
In the protease cleavable helper phage KM13, the gene which encodes protein III of the helper 
phage is modified in such a way that a protease cleavable site is located between domain 2 and 3 of 
protein III. Previously, it has been established that domains 1 and 2 areis needed for infection.“*! 
Therefore, removal of domains 1 and 2 of the KM13 encoded protein renders the helper phage, 
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or phage only presenting protein III from the helper phage, non-infective. During the selection, 
phage is eluted with trypsin treatment, which will cleave pIII derived from the helper phage leav- 
ing only fusion-protein displaying phage infective. Thus, a large proportion (90-99.9%) of the 
background is eliminated, making it possible to identify specific phage antibodies after a single 
round of selection. 


Cell Surface Selection 

We now turn to applications of phage antibody technology to find specific biomarker on cell 
surfaces.. The cell surface is extremely complex with various types of membrane spanning and 
heavily glycosylated proteins and selection strategies must be carefully designed if they are to result 
in the selection of antibodies with the desired properties. The cells used for cell surface selections 
can be chosen according to the design of the experiment and can be cultured cells, freshly isolated 
cells, cells from tissue sections, or even cells still in the body. Cultured cells are typically the easier 
choice, but cells in culture often show quite different protein expression patterns when compared 
to cells in vivo. 


Simple Selection on Freshly Isolated or Cultured Cells 

The use of cultured or freshly isolated cells as the basis for selection has some advantages. Firstly, 
the cells are in a controlled environment and the presence of irrelevant, contaminating cells can be 
minimised. Secondly, the cells can be manipulated before selection is performed, e.g., starving the 
cells, stimulating them with specific agents, transfecting the cells etc. In addition subsequent screen- 
ing, especially when working with cells in culture, is much easier. Consequently, the majority of cell 
surface selections described to date have taken place on either cultured or freshly isolated cells. 

The first cell surface selection described was performed on red blood cells isolated from the 
blood of human donors. The cells were kept in suspension and incubated with a naive single 
chain variable fragment library. A few rounds of direct selection resulted in the isolation of a 
few blood-group specific scFvs. However, some of the selected antibodies had a more ubiquitous 
specificity in that they recognised dominating antigens present on several different blood groups. 
In an attempt to weed out antibodies against more common antigens, the researchers decided to 
include a negative selection, or pre-absorption, step where the antibody library was first incubated 
with irrelevant cells containing the unwanted antigens before unbound phage was incubated with 
the target cells. In this way they were able to select two new scFvs, one of which was specific to the 
cell type selected on. The other scFv was specific towards an antigen present on the absorbing cells 
as well as the selection cells, demonstrating that pre-absorption was not 100% effective. Another 
design using subtractive selection was described by the Genentech laboratories.“ In this study, 
tumour and normal cell lines were used for selection in order to identify novel tumour-associated 
antigens. The cells were detached from their culture flasks with EDTA to preserve the integrity of 
cell surface proteins and the subsequent selection was performed in solution on the unfixed cells. 
The naive scFv library was incubated twice with a normal cell line before incubation with the 
tumour cell line. Again, the results indicated that the counter-selection procedure was only partly 
successful, as antibodies recognising antigens found on both cell lines were selected. Finnern and 
colleagues succeeded in selecting scF vs against a well-known epithelial tumour marker, MUC-1, 
which is overexpressed and under-glycosylated in most breast cancers. Three rounds of panning 
on live monolayers of the breast carcinoma cell line MCF-7 resulted in a number of clones, which 
were tested for binding to synthetic MUC-1 peptides. Twenty-five percent of the cell-binding 
scFvs were shown to bind MUC-1 peptides as well as other MUC-1 expressing cancer cell lines. 
Direct selection on freshly isolated, fixed cells from primary colorectal carcinoma did not result 
in the isolation of antibodies uniquely specific for colorectal carcinoma but rather antibodies 
recognising tumour-associated antigens were selected.”” However, the epitopes recognised were all 
formed in the fixation step, therefore the antibodies did not recognise cells in vivo. This situation 
once again underlines the importance of designing the selection procedure to meet the expecta- 
tions of the results. 
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Several other experimental designs have been used in the simple selection of antibodies against 
cells but in general the conclusions are similar.**“¢ To recapitulate, selections can be performed 
either on freshly isolated or on cultivated cells. Freshly isolated cells may be the better choice 
but are not always available. If they are available, they could be fixed to preserve their structure 
and overall integrity. However, cell surface antigens may be modified by the fixation process and 
selected antibodies may be directed towards the modified epitopes, thus limiting their potential 
use. Additionally, subtraction techniques could be employed but the pitfalls of this approach 
should be kept in mind. If using cultivated cells, the paramount problem will be the selection 
of phages binding specifically to serum proteins, which could potently mask any binders to 
the cells. Again, subtractive selection could be a way to diminish this problem, but also using 
serum to block the library may be effective. Generally, serum problems will also be minimised 
by selecting on cells in suspension rather than monolayers but the way the cells are detached 
should also be considered. Traditional detachment using trypsin will cleave many of the cell 
surface proteins that are of interest and therefore a nonproteolytic detachment agent such as 
EDTA (ethylenediamine-N,N,N’,N’-tetraacetic acid) should be used. The fixation and negative 
selection comments made above are also applicable to cultured cells. The final thing that should 
be considered when using cultured cells is that all culture conditions are abnormal and that the 
protein expression pattern of cultivated cells may differ markedly from cells in vivo. 


Selection Using Cell Sorting Techniques, Such as MACS or FACS 

With the simple selection techniques described in the previous section a number of antibodies 
to the different target cells has been selected. However, when compared to the number of antibodies 
often isolated with traditional bio-panning on purified targets, the cell selections are often found 
to be inadequate.* In recent years improved selections schemes haves been introduced using new 
cell separation techniques. 

Exploiting the fact that different cell types have different characteristics and display different 
surface molecules, de Kruif et al selected scFvs against different cell types from a venous blood 
sample using fluorescence activated cell sorting (FACS). The nucleated cells from the blood 
sample were labelled with fluorescent antibodies against specific cell surface markers (CD3 and 
CD20) after incubation with the phage library and the cells were then sorted according to their 
labelling. Because a large number of the total cell population was not CD3 or CD20 positive, 
the authors reasoned that the nonlabelled cells would serve to absorb a lot of the unspecific 
binding. Since this first report, several other studies have employed the FACS based selection to 
isolate antibodies against, for example, dendritic cells, cells from patients with acute myeloid 
leukaemia? and against predefined antigens overexpressed on engineered cell lines.51 

Despite the relative success of the FACS based selection procedure, the conditions the cells 
are subjected to are quite harsh and sorting large numbers of cells is very time-consuming.** This 
has led to the development of a different sorting based selection strategy. From a mixed popula- 
tion of freshly isolated murine thymic cells, Palmer et al isolated antibodies against MHC class II 
positive thymic epithelial cells using magnetically activated cell separation (MACS). The desired 
major histocompatibility complex (MHC) class II positive cells were positively selected from 
the diverse cell population by incubating the cell-phage suspension with magnetic beads labelled 
with an anti MHC class II antibody. The exposure to a magnet allowed for the nonlabelled cells 
to be removed along with unbound and unspecifically bound phage particles—yet again allow- 
ing the nonlabelled cells (98%) to act as absorber cells. After six rounds of selection, 50-80% of 
the selected antibodies bound specifically to mouse thymic epithelium.. Using a positive-negative 
selection principle McWhirther et al succeeded in selecting antibodies against a few up regulated 
cell surface receptors on CLL cells from human donors using a chronic lymphocytic leukaemia 
(CLL) immune library from immunised mice. 

In summary, the idea of simultaneous positive and negative selection by having specifically 
labelled target cells in a large pool of un-labelled absorber cells seems very promising and it 
is definitely an approach that is becoming more widespread with the development of more 
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sensitive sorting equipment and the increased knowledge of different specific and unspecific 


labelling techniques. 


Selection on Cells from Tissues Subjected to Laser Capture Microdissection 

In the previous sections, various strategies for selecting antibodies against cells removed from 
their original environment were described. However, cells in the body are intricately influenced 
by their environment, which is composed of multiple different cell types and extracellular com- 
ponents. Although isolation of the desired cell type from its environment immediately prior 
to selection should alleviate most of the problems caused by the removal of the natural milieu 
not all cell types can be easily isolated. To circumvent this problem, selection on tissue sections 
was examined as a means of obtaining specific antibodies.”“ However, tissue sections are obvi- 
ously composed of many different cell types and while this is desirable in terms of keeping the 
interesting cells in the appropriate environment, it makes the analysis of selected antibodies 
very complicated.” Nonetheless, recent technological advances have made it possible to select 
phage antibodies or, more commonly, peptides against tissue sections while only retrieving 
phage bound to the cell type of interest. The technique that makes this possible is called laser 
capture microdissection (LCM).*° 

In order to screen tumours in their natural environment, Lu et al incubated tissue sections of 
human tumours zenografted in mice with a peptide phage library. Phage-bearing tumour cells 
were then dissected from the tissue slide using LCM and bound phages were allowed to infect 
E. coli. After three rounds of selection, peptides able to bind and penetrate tumour tissues were 
identified, thus demonstrating the feasibility of this technique. A few years later, the same ap- 
proach was used to select internalising antibodies against slides of prostate cancer tissue.” In 
this study, an antibody against an already known tumour marker was selected, again proving 
the relevance of the technique. 

The combination of LCM and phage display is still very new and has mainly been applied to 
tissue sections of various tumours.””” However, the potential of the technique is great and in 
the future might be applicable in the search for biomarkers of aging by selection on senescent 
cells identified in tissue sections. 


In Vivo Selection 

Although the laser capture microdissection approach described above may result in selection 
of antibodies which recognise specific cells in tissue sections, such as senescent cells, there is no 
guarantee that the relevant epitopes will have the same conformation when presented in a live 
human being. To ensure recognition of specific cells types in the native in vivo conformtation 
the group of Rouslathi established in vivo selections. Here a peptide library injected into mice 
resulted in organ-specific retention of phage.” This report demonstrated that the vasculature 
is heterogeneous and that it is possible to create compounds that specifically can target one 
area while leaving surrounding areas largely unaffected. Since the first report, a small number 
of groups have utilised the in vivo strategy to select peptides homing to specific parts of the 
vascular endothelium in mice or rats.°*? The majority of in vivo phage display selections have 
used peptide libraries but a few reports on the use of antibody phage display in vivo have been 
published. Generally, the in vivo selection schemes involve injection of the phage library 
into the vasculature of the subject. After a suitable circulation period, the subject is sacrificed 
and the target organ harvested. Unbound phage is washed away and specifically bound phage 
eluted. 

Regardless of the objective of the in vivo selection, the subject used for the selection is 
normally sacrificed in order to access the target organ. Obviously, this poses severe limitations 
on the exploitation of the technique in aging research to study human aging, as only animal 
subjects can be used. In summary, in vivo phage display has mainly been used to target the 
vascular endothelium, either with the objective of isolating specific targeting agents to be used 
for therapeutic purposes or to increase the understanding of the complexity of the vascular 
endothelium. 
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Conclusion 

Normal human somatic cells have a limited capacity to proliferate before entering a state of 
permanent cell cycle arrest known as replicative senescence. Entry into senescence in many cell types 
is triggered by telomere shortening producing viable, postmitotic, cells that display radically altered 
patterns of gene expression. The differences in the transcriptome between these senescent cells and 
their growing counterparts are as large as those seen when one cell type differentiates into another. 
It has long been proposed that replicative senescence has the potential to act asa causal mechanism 
of organismal aging in at least two distinct ways, either through simple loss of the proliferative 
capacity of mitotic tissues or through alterations in the tissue microenvironment or tissue fluids 
as a result of the accumulation of senescent cells. At present our understanding of the molecular 
pathways triggering the processes of senescence within individual cells is far more advanced than 
our understanding of the role (if any) that such senescent cells play in human aging. 

The senescent phenotype itself has only been properly investigated in relatively few cell 
types. Although it is commonly believed that senescence gives rise to a ‘pro-inflammatory’ 
phenotype there is considerable evidence that the situation is more complex than this. For 
example, senescent human vascular smooth muscle cells secrete pro-inflammatory cytokines 
such as IL1 and IL8 but also adopt a pro-calcificatory phenotype in blood vessels as a result 
of partial transdifferentiation into osteoblasts. Senescent ocular keratocytes do not show a 
pro-inflammatory phenotype but do show a profound dedifferentiation that has the potential to 
compromise ocular function. This indicates the need to considerably increase our understanding 
of senescence in many more cell types. 

As the field moves into a translational phase it is critically important that studies of this type 
are improved, broadened and used as a platform for in vivo study design. It is extremely difficult 
to demonstrate the presence of senescent cells in vivo due toa lack of reliable histological markers 
capable of distinguishing them from their quiescent counterparts. To study the protein metabolism 
and homeostasis during aging, phage antibody technology presents an interesting new technology, 
capable of dealing with the cellular heterogeneity and limited sample material. 
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